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HANDLING OF SPENT NUCLEAR FUEL AND FINAL 
STORAGE OF VITRIFIED HIGH LEVEL REPROCESS· 
lNG WASTE 

SUMMARY 

In april 1977 the Swedish Parliament passed a Law, which stipu­
lates that new nuclear power units can not be put into operation 
unless the owner is able to show that the waste rroblem has been 
solved in a completely safe way. The task of investigating how 
radioactive waste from a nuclear power plant should be handled 
and stored was previously the responsibility of the National 
Council for Radioactive Waste Management (?RAV). This Council was 
formed in November 1975 as the result of a proposal made by the 
Government Committee on Radioactive waste (the AKA Committee). 

In response to the Government bill proposing the i.aw, the power 
industry decided in December 1976 to give top ?rio~ity to the in­
vestigation of the waste problem in order to meet the require­
ments of the Law. Therefore, the Nuclear Fuel Safety Proiect 
(KBS) was organized. The first report from the KBS project cn­
titlcJ "Handling of spent nuclear fuel and fi.nal storage of 
•:itrified high le,•el reprocessing waste" was submitted in De-

. cember 1977. 

The requirements 2f ~~ ~ regarding completely ~~ storage 

The Law stipulate's that the owner of a reactor must ~how how and 
where a completely safe storage can be provided for. either the 
high level reprocessing waste or the spent, unreprocessed nuclear 
fuel. "TI-e storage facility u:ust be arranged in such a way that 
the waste o.r. the spent nuclear fuel is isolated as long a time as 
is required for the activity to diminish to a hanaless level". 
"These requirements implies that measures should be taken which, 
during all phases of the handling of the spent nuclear fuel, can 
ensure that there will be no damage to the ecological system". 

In the strictest meaning of the word, no human activity can be 
considered completely safe. The fact that such an interpretation 
of the wording of the Law was not intended is evident from the 
formulation of the statements made by the GoverTIIlen: in support 
of the Law indicating that the storage of waste shall fulfil "the 
requirements impos~d from a radiation protection point of view 
and which are intended to provide protection against radiation 
damage". Questions regarding protection against radiation camage 
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are regulated by the Radiation Protection Act. This means that 
the requirements imposed on the handling and storage of high­
level waste are, in principle. the same as those which ap9ly for 
other activities involving the handling of radioactive sub­
stances. 

This interpretation is supported by the statements m&je by the 
C0111111ittee of Co11111erce and Industry in its review of i:he Law, in 
which the Parliament also concurred. The Committee thus finds the 
expreuion "completely safe" to be warranted in view of the very 
high level of safety required, but considers that a "purely 
Draconian interpretation of the safety requirement" is not in­
tended. Draconian means ~excessively severe, inhuman" • 

.!!!!. requirements of .!!!.!. !:!! regardins .!.!!.! scope £!_ this report 

In the statements made by the Gcvernment in support of the Lav it 
is said: "The descriptions to be submitted by the owner of the: 
reactor shall include detailed and comprehensive information for 
the evaluation of the safet?· Consequently, over-all plans and. 
drawings will not suffice. Furthermore, it should be specifically 
stated in which form the waste or spent ncclear fuel is to be 
stored, how the storage is to be arranged, how the transportation 
of the spent nuclear fuel or of the waste will be carried out and 
whatever else may be required in order to ascertain whether the 
proposed final storage can be considered co~letely safe and 
possible to construct." 

To fulfil these requirements, this report presents relatively de­
tailed information on the design of facilities and the transpor-­
tation systems which are part of the handling and storage chain. 
Certain parts of this information are relatively unessen.tial for 
evaluating the safety of the waste storage, while others are 
vital. A detailed evaluation of the safety aspects of the propos­
ed design is presented in a safety analysis. The handling and 
processing carried out abroad is also described, although more in 
general. 

~ alternatives given~.!!!!,.!:!!, 

The Law reqnires a description of the handling and hnal stor.age 
of either the high level reprocessing waste or the spent, unre­
processed nuclear fuel. This report deals with the first alterna­
tive. An application to the Government to charge nuclear fuel to 
a new reactor based on this alternative IINSt, in addition to this 
report, include an agre£ment which covers in a satisfactory 
manner the anticirsted need for reprocessing of spent nuclear 
fuel. This aspect is, however, not dealt with in this report. 

A report on the second alternative, i.e. spPnt unprocessed fuel, 
is planned for publication during the fi~sthalf of 1978. 
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·Layout of the report 

This report has been divided into five volumes as follows: 

I General 
II Geology 
III Facilities 
IV Safety analysis 
V Foreign activities 

In order to provide a basis for the report, ~S has carried out a 
great number of technical-scientific investigations and sur1eys. 
The results of these are published in KBS Technical Reports. 56 
volumes of these re,orts have so far been published, (see 
volume I, appendix 3.) 

Volume 1 (General) can be read independently of the other volum­
es. It comprises mainly a summary of the more detailed reports 
prese~ted. in volumes II, III and IV. 

Chapter 3 in volume I is a summary of the proposed method for 
handling and storage of nuclear fuel and high-level waste froa 
the nuclear power plant fuel pools u~ to and including final 
storAge in Swedish bedrock~ 

Chapter 13 in volume I summarizes the more detailed presentation 
of the safety analysis in volume IV. This c:hapter sUIIIDarizes the 
safety evaluations of the whole handling c:hain from a radi~logi­
c:al point of view. The effects of radiation have been c:al~ulated 
for normal conditions and for accidents. Special emphasis hss 
been placed on the long-term aspects of the final storage of high 
level waste. 

!!!!!.!. stage of nuclear ~ cycle 

1--H---H ... j. • H~....~;...;.·::..._ ........ _ .. _· ..... He~: 
.... I ---------~ j -L 

The handling chain for spent nuclear fuel and high-level repro­
cessing ~aste is illustrated in the above block diagram. 

Nuclear power stations always have storage pools for spent 
nuclear fuel. They are needed so that the fuel can be discharged 
from the reactor and also to provide storage space for spent 
nuclear fuel before it is dispatched for reprocessing or for 
storage elsewhere. 

Today, the available reprocessing capacity is limited, and it is 
not clear to what extent spent nuclear fuel will be reprocessed. 
As a result, it is necessary to extend the storage capacity for 
spent nuclear fuel. For economic reasons and for the planning of 
the back end of the nuclear fu~l cycle, the extended c&pacity 
should not be provided at the nuclear power stations. Instead, a _j 
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central fuel storage facility should be constructed. This faci­
lfty is needed regardless of whether the ·spent nuclear fuel is to 
be reprocessed or not before final storage. The fuel can be 
stored in this facility for a~ut ten yeart. 

As a rule, radioactive waste must be stored in the country where 
it is produced. The high-level reprocessing waste will be sent 
back to Sweden in vitrified form in 1990 at the earliest. The 

·vitrified.waste will be contained in stainless st:eel cylinders 
having a diameter of 40 em and a height of 1.5 m. If all of the 
fuel is reprocessed, 9 000 cylinders will be obtained from 13 
reactors tha~ have been in operation for 30 years. 

The waste cylinders will be placed initially in An intermediate 
storage facility where they will remain for at least ~J years be­
fore being transferred to the final storage. The cylinders will 
be kept in dry conditions in the intermediate storage facility, 
and tadiactive substances cannot be released to the environment. 
During this storage period, the amount of heat generat~d by the 
waste will be reduced by h4lf, thus simplifying final storage. 
Intermediate storage postpones the date when final storage must 
commence, thus providing more time to optimize the final storage 
method. A longer storage period than 30 years is entirely possib­
le. Such ~ prolonged storage period is considered in France, for 
example. However, intermediate storage requires a certain amount 
of SUF~rvision, even though this supervision is very limited. 

It is planned that t ,,e final storage, which 'tlill not have to go 
into operation until 2020 at the earliest, will be constructed in 
rock abcut 500 metres underground. The facility i11 de!tigned in 
such a 11ay that it can be sealed and ultimately abandoned. In .the 
final scorage, the waste will be exposed to the ground-water in 
the rock. After intermediate storage and before the waste cylin­
ders a·:e transferred to the final storage, they will ::herefore be 
encapsulated in a canister made of titanium and lead. These ma­
t~rials have good resistance to corrosion. 

The siting of the facilities for the various handling stages may 
be arranged in different ways, in accordance with what is deemed 
to be practical. 

Spent fuel has already been shipped abroad from Sweden for repro­
cessing. Similar transports will also be reqnired between the 
various phases of the handling. The de9ign and procurement of 
transport casks and vehicles thus form part of the waste 
handling. 

Geological requirements ~ ! ~ storage 

Extensive investigations and test~ have been carried out to de­
termine the suitability of Swedish bedrock for final storage. In 
this connection, interest has b~en concentrated on p~ecambrian 
chrystalline rocks. In other countries, studies have been made of 
storage in salt, shale and ~lay depending upon the natural pre-
requisites of ench country. · 

Field inv~stigations have been carried out at five sites. three 
of which h3ve ?een selected for more detailed studies. A number 
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of holu have been drilled to a depth of .500 metres. It should be 
emphasized that the objective of this work was not to find a site 
now to be proposed for final storage. The· puq»ose was to show 
that· suitable bedrock is available within Sweden for such a faci• 
lity. 

The factors that will determine.the suitability of a rock forma­
tion for final storage an its permeability and strength, the 
composition of the groundwater and its flow pattern and the de­
laying effects on radioactive substances when groundwater passes 
thrq~gh cracks in the rock. Of special interest is also the risk 
of rock movements which could affect the pattern of groundwater · 
flow or damage the encapsulated waste. 

Assessing these facton, a depth of about 500 metres is con­
sidered to be suitable. At this depth, the bedrock contains fewer 
cracks and has lower water permeability than closer to the sur­
face. This depth also gives a satisfactory protection against 
acts of war and such extreme events as meteorite impacts and the 
effects of a future ice age. 

The investigations and surveys carried out have shown that the 
three sites selected offer satisfactory conditions for final 
storage. At these sites, the bedrock consists of Sweden's most 
common types of rock - granite, gneiss and gneissified granodio­
rite. Consequently, it is reasonable to expect that rock forma­
tions with equivalent conditions are also available at many other 
places within Sweden. 

S!J.fety .2!_ the handling ~ 

The eJttensive ~afety analysis carried out has shown that the re­
lease of radioactive substances which could occur in connection 
with normal operation qr with an accidet:t in the different stages 
of the handling chain within Sweden, would be insignificant in 
comparison with corresponding conditions at a nuclear power sta­
tion. This is because the vitrified waste has a low temperature 
and is encapsulated without overpressure. Consequently a sudden 
and extensive release of radioactivity can not occur. The safety 
of .he steps of the handling chain, which will be carried out 
aL.-oad (reprocessing and vitrification), will be evaluated by 
Government authorities in the country concerned and are dealt 
with in a more superficial manner in this report. 

Radioactive substances from a final storage ~an only be released 
by the groundwater. The finel storage must be arranged in such a 
way that such a release cannot damage the ecological system. It 
is then important to reQember that the activity of the radioac­
tive substances in the waste diminishes very slowly. The final 
storage is therefore arranged so that the migration of these sub­
stances is either prevented or delayed for a long time, thus en­
suring that the concentration of radioactive substances which may 
reach the biosphere will be harmless. For this reason, the design 
of the final storage provides for a number of successive barri­
ers. 

For any release of radioactive substances in the waste to the en­
vironment, the groundwater must first penetrate both the canister 
n~de of titanium and lead and the stainless steel container. 
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These materials have excellent resistance to corrosion. The waste 
cylinders will be placed in holes drilled into good-quality rock 
and surrounded by a buffer material consisting of quartz sand and 
bentonite. Since the buffer material has a low permeability, only 
very small amounts of water will ~ able to affect the encapsu­
lated waste. 

In the event of the penetration of the canister and the stainless 
steel container, the groundwater can affect the vitrified waste. 
However, the glass bas a very lov leaching rate under the con­
ditions that prevail in the final storage. 

The lov flow .rate of the groundwater, the long distance which the 
water must cover to reach the biosphere and the chemical process­
es in the crack system in the rock and in the buffer material 
provide effective barriers that prevent and delay the migration 
of the radioactive substances. Moreover, dilution in huge volumes 
~f groundwater will take place before entry into the biosphere. 

The safety of the final storage of high~level waste is domi­
nating the safety issue. The safety analysis is based, in each 
phase that entails uncertainty, on assumptions and data that pro­
vide a reassuring margin of safety. Possible routes for the mi­
gration of radioactivity to the biosphere have been studied in 
the safety analysis, and the group of people which can be exposed 
to the highest level of radiation has been identified (the cri• 
tical group). The critical group consists of persons taking their 
drinking water from a deep well drilled in the vicinity of the 
final storage. Under unfavourable circUIIIstances this group can be 
exposed to a maximum radiation (individual ciose) of 13 millirem 
per year in addition to natural background radiation. 

This maximum additional dose of 13 millirem per year will not 
occur until after about 200 000 years. This long delay is caused 
by the retainment in the buffer material and the rock of the· 
radioactive substances providing the highest additional dose. 
Radioactive substances which are not delayed relative to the flow 
of water in the bedrock could come into contact with the bio­
sphere after only some hundreds of years. However, the additional 
dose attributable to these substances is verJ much lover than the 
valu~ given above. 

An individual dose of 13 millirem is considerably lover than the 
dose recommended by the International Commission on Radiological 
Protection (ICRP) as the upper limit for permi4sible additional 
doses for individuals nSlllf!ly 500 millirem per year. This limit is 
intended to protect individuals against delayed radiation effects 
such as cancer and genetic effects. 

Governmental authorities impose lower limits for the oper3tion of 
nuclear p~er plants. In Sweden, operational restrictions can be 
imposed and other measures taken if the additional dose t~nds to 
exceed 50 millirems per year for people livir·..; near the power 
plant. 

In order to reduce radiation exposure as much as reasonably 
possible, the Swedish Radiation Prot.P.ction Institute requires 
that nuclear power plants be designed and constructed so that the 
expected additional dose for the critical group living i.1 the 
vicinity of the plant is less than 10 millirems per year. 
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As mentioned above. the assumptions and data used in the safety 
analysis were selected with safety margins. It is considered pro­
bable that the dosage will be approximately 1/lOOth of the maxi­
mum value of 13 millirems per year given above. One reason for 
this is that lhe very low rate uf water flow in the bedrock is 
not sufficient to break through the encapsulation or leache the 
vitrified waste at the rates assumed in the safety analysis pre­
sented in this report. However, verification of this lower value 

·would require additional investigations not yet been completed. 

The following bar-chart shows the dose rates mentioned above. It 
also indicates the dose rates from natural radiation in Sweden. 
As appears from the bar-chart lo<:al variations in natural radia­
tion are considerably· greater than the maximum contribution from 
a final storage of high-level waste obtained from 13 reactors 
which have been in operation during 30 years. The b&r-chart also 
shows that the doses obtained from radium in natural drinking 
water in Sweden often lies considerably above the level reported 
for a final storage. 

Moreover, the safety analysis shows that radiation doses for 
large population groups attributable to a final storage will be 
virtually i,signifi~ant and that the longtarm effects on health 
will be negligible. 

The design of the back end of the nuclear fuel cycle presented in 
this report thus fulfils the requirements set forth in the Law 
for a completely safe final storage of the high-level reprocess­
ing waste. 

Stockholm November 1977 
NUCLEAR FUEL SAFETY PROJECT (US) 
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1.1 

l. 1.1 

. ....-.·:--

INTRODUCTION 

BACKGROUND 

General 

As of the end of 1976, 187 nuclear power reactors for civilian 
energy production were in operation in the world. The total in­
stalled capacity 80 GW(e}; corresponds to 80 reactors of 1 000 
MW(e) each. 

-·-

Sweden's first cot~~~~ercial nuclear power plant, a lightwater re­
actor in Simpevarp outside of Oskarshamn, was commissioned for 
electrical power production in 1972. Since then, a number of re­
actors have been completed and there are now six nuclear units in 
operation in the country. 

Facility Owner Commissioned Capacity 

Oskarshamn 1 OKG 1972 450 MW 
Oskarshamn 2 OKG 1974 580 
Ringhals 1 Swedish State Power Board 1976 760 
Ringhals 2 Swedish State Powrr Board 1975 820 
Barseback l Sydkraft 1975 580 
Barseback 2 Sydkraft 1977 580 

An addith .. nal six units are in different stages of construction 
and planning. 

Facility Owner Ready for Capacity 
fueling 

Ringhals 3 SwediSh State Fower. Board 1977 900 MW 
Ringhals 4 Swedish State Power Board 1979 900 
Forsmark 1 FKA 1978 900 
Forsmark 2 Fl(A 1980 900 
Forsmark 3 FKA 1 1 000 
Oskarshamn 3 OKG 1 1 000 

Throughout the '70s, there has been an intensive public debate in 
Sweden concerning problems pertaining to the safety aspects of 
nuclear power production and whether such production is desirable 
at all. From having been concentrated on problems associated with 
normal operation and failures during the first years, the debate 
has shifted emphasis in recent years to questions concerning the 
management of the radioactive waste arising from nuclear power 
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1.1.2 

production. The problems involved with these radioactive wastes 
were studied by a working group appointed by the Swedish National 
Institute of Radiation Protection in June of 1971. Th5s workin3 
group submitted a report in May of 1972 containing proposed 
guidelines for the management of radioactive waste /1-1/. This 
report concludes that ~he management of high-level waste from 
spent nucle&r fuel "entails problems to ~~ich as yet only partial 
soluticns have been found". 

In December of 1972, the S· -dish Government decided to appoint an 
ad hoc· committee to investigate the problems related to high­
level waste from nuclear power plants called the Aka Committee. 
The Ma Committee's findings are discussed in greater detail 
under l.i.2 below. 

The GoverTUBent which entered office following the 1976 election 
set up certain conditions for the granting of permission for 
power utilities to charge new nuclear reactors with nuclear fuel. 
These conditions stipulated that the plant-owner must demonstrate 
where and how zn absolutely safe final storage of the high-level 
wa!lte can be arranged. The conditions are set forth in the "Con­
ditions Act" ("Law concerning sp~cial peraissinn for charging 
nuclear reactors with fuel") which was passed by the Swedish Par­
liament in April 1977 /1-3/. 

In order to produce and compile material for the reports required 
by the Conditions Act, the power utilities formed the Nuclear 
Fuel Safety Project (KBS). The findings of the Aka Committee con­
stitute the basic point of departure for the work of this Pro­
ject. Research work initiated by the Aka CoiT!!IIi ttee within, for 
example, the field of g~ology has ~~en carried further by KBS. 
The present KBS report deals with th~ handling and final storage 
of vitrified high-level waste obtained from the reprocessing of 
spent nuclear fuel. 

The Aka Committee 

The Government. Committee on Radioactive Waste (Aka Committee) 
appointed in 1972 was given further dir~ctive in May of 1974 to 
extend the scope of their study to include the handling and 
storage of low- and medium-level waste as well. 

The Aka Com111ittee submitted its fincings to the Government in 
April of 1976 /1-2/. Its conclusions and proposals concerning the 
handling and final storage of high-level wasta can be summarized 
as follows; 

1 Current technology already provides satisfactory means fur 
handling and storing spent nuclear fuel and radioactive 
waste. 

2 

3 

It is imperative that the Swedish power utilities procure a 
transportation system for spent nuclear fuel as soon as 
possible. It is recommended that spent Swedish nuclear fuel 
and radioactive waste which requires heavy radiation shield­
ing be shipped by rail or sea, whenever possibls. 

A central facility for the storage of spent nuclear fuel is 
needed in the country. 

J 
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4 The preliminary plannin~ of a Swedish reprocessing plant 
should commence as ~oon as possible. 

l3 

5 A decision to build a Swedish reprocessing plant should also 
include a plant for the manufacture of plutonium-enriched 
fuel. 

6 Solidification of the hi~h-level waste from reprocessing in 
glass or ceramic material is the best method currently 
available for converting liquid high-level wa~te to solid 
form. 

7 Studies aimed at further elucidating t~e requirements which 
must be met Cor the final storage of non-reprocessed spent 
nuclear fuel should be commenced. 

8 Final storage of radioactive waste should be effected in 
bedrock. 

9 Detailed geological studies of sites suitable for final 
storage should be initiated at once. 

10 - The power prodncer shall defray all costs associateJ with 
the t.andling and storage of spent nuclear fuel and radioac­
tive waste. 

11 lt is proposed that a special government organizatio~ b~ 
formed to assume responsibility for the long-tenn management 
of radioactive waste and associated activities. 

12 The proprdals made by the Aka Committee regarding the 
manag~~nt of spent nuclear fuel and radioactive waste re­
quire a comprehensive programme of research and development. 

The Committee was unanimous in its proposals. Special supplemen­
tary statements were submitted by two members. 

Reactions to the conclusions and proposals of the Aka Committee's 
report are largely positive. Criticism has been directed at those 
parts of the Committee's report which deal with the final storage 
of high-level waste, more particularly at the report's assessment 
of the rate of corrosion of the canister material and the extent 
of cracking in the bedrock. The need for further research is 
emphasized by many parties, etlpecially with regard to the proper­
ties of the bedrock at greater J~pth. Many parties warn against a 
hasty commitment .to a particular method for the handling of the 
spent fuel and the final storage. The ~eed fur a safety analysis 
is also emphasized. 

KBS has nov completed studies within the above-mentioned areas 
designated by the Aka report as being urgent for further study, 
except for the preliminary planning of a Swedish reprocessing 
plant. Aspects of organization and f~nancing have not been 
covered by the KBS Project. 
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I.l REQUIREMENTS TO BE FULFILLED BY THE NUCLEAR POWER INDUSTRY 

. 1.2.1 

1. 2. 2 

1. 2. 3 

Government Statement of Policy 

The Government summarized its views on nuclear power in its 
Statement of Policy dated 8 October 1976: 

"Nuclear power involves great problems and hazards. Foremost 
amcng these is the handling of the spent fuel and the high-level 
waste. A commitment to nuclear power cannot be made until these 
problems and ha~ards have been satisfactorily brought under con­
trol. In view of these problems, nuclear energy plants currently 
under construction :nay not be commissioned until the power com­
pany concerned can present an acceptable agreement for the re­
processing of spent nuclear fuel and demonstrate how and where an 
absolutely safe storage of the high-level waste can be effected. 
Barseback 2, which is completed, will be taken out of operation 
if a reprocessing agreement is not produced by 1 October 1977. 
The Gov~rnment intends to enter into negotiations concerning 
these matters with Svensk Karnbrinsleforsorjning AB (Swedish 
Nuclear Fuel Supplies Inc.) and the concerned. po~r utilities as 
soon as possible." 

Conditions Act 

The "Law concerning Sf!ecial permission for charging nuclear re­
actors with fuel" /1-3/ sets forth tht! conditions contained in 
the Government Statement of Policy. 

§2 of the Act provides for the commissioning of nuclear reactors: 

"It an application for final approval for the commissioning of 
the nuclear reactor has not been su~mitted to the Nuclear Power 
Inspectorate as of October 1976, the reactor may not be chargP.d 
with n••clear fuel without the special permission of the Govern­
ment. Permission may be granted only providing that the reactor 
ovner 

1 has produced an agreement which adequately satisfies the re­
quirP.ment for the reprocessing of spent nuclear fuel and has 
demonstrated how and where an absolutely safe final stora~e 
of the high-level waste obtained from the reprocessing can 
be effected, or 

2 has demonstrated how and where an absolutely safe final 
storage of spent, un-reprocessed nuclear fuel can be effect­
ed." 

Accountability _2!. !!!!_nuclear pOwer industry 

The Conditions Act specifies that reports submitted by power 
station oWT.ers concerning the final storage of waste from repro­
cessed nuclear fuel shall descri~e the absolutely s"fe storage of 
"the high-level waste obtained from reprocessing". 

Various definitions have been used for the term "high-level 
waste". The Aka Co11111ittee has, for example, used two definitions: 

J 
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High-level waste is waste which contains such a high level 
of radioactivity that it requires not only effective radia­
tion shield.ing but alSo cooling in order to be store<i in a 
safe manner I 1-4, page 34 /, and 

High-level waste - the waste containing fission products 
which is separated from the spent fuel 1uring reprocessing 
/1-2, part II, page 201/. 

A more precise definition based on the or1g1n of the waste is 
'used by the Nuclear Regulatory Commission (NRC) in the United 
States: 

"High-leve 1 1 iquid radioactive wastes" means those aqueous 
wastes resulting from the operation .,f the first cycle sol­
vent extraction system, or equivalent, and the concen~rated 
wastes from subsequent extraction cycleR, or equivalent, in. 
a facility for reprocessing irradiated reactor fuels /1-5/. 

Definitions based on the level of radioactivity per unit volume 
have also been used /1-6/ , 

Radioactivity a•1d cooling requirements change with time during 
th~ handling and long-term storage of waste. For this· reason, a 
definition of high-level waste based on the origin of the waste 
has been deemed most suitable. 

In the KBS Project, the "high-level waste obtained from repro­
cessing" has been defined as: 

.the waste with a high content of fission products which is 
obtained as the aqueous phase in the extraction proce~s in 
the reprocessing of spent nuclear fuel. 

This high-level waste will be converted to vitrified form and 
eventually returned to Sweden. 

Other types of radioactive waste which can contain small quanti­
ties of uranium and plutonium is alco obtained .from reprocessing. 
This long-lived "alpha waste" must be specially treated prior to 
final storage. Methods for this treatment are not dealt wich in 
this report. Final storage of this waste can be effected in a 
manner which is similar to but si~ler than that which has been 
proposed for high-level waste. Nor does the report deal wi:h the 
use of the uranium and plutonium which is obtained from repro­
cessing and which cannot be regarded as waste. The recovered ura­
nium is reused in the production of nuclear fuel. The plutonium 
can also be used for this purpose. The use of plutonium extracted 
from Swedish nuclear fuel r~quires Government approval. 

In a special explication of the Conditions Act, the accountabili­
ty requirements imposed on power plant owners for describing 
waste storage methoJs hav~ been specified in greater detai 1. 
These requireme:1ts are st•mm~rized below: 

1 It is the responsibility of the reactor owner to demonstrate 
concrete solutions to the waste problems associated with 
nuclear power production. 

• 
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2 In order to be granted permission to coliiDission nuclear re .. 
actors, owners must demonstrate that the spent n~clear fuel 
and the high-level waste it contains will be handled in such 
a manner that the ecological system will not be damaged. Th.e 
reactor owner must demonstrate a) how the spent nuclear fuel 
or waste will be handled, and b) that the handling method 
will provide adequate safeguards against harmful effects. 

3 ~e basic premise must be that the high-level waste from re­
processing and the spent nuclear fuel which is not repro­
cessed are to be kept separated and isolated from all forma 
of life. 

4 

5 

6 

!'etailed and t:omprehensive information mu3t be provided for 
a safety evaluation. Thus, rough plans and sketches are not 
enough. In addition, it should be concretely specified: 

In what form the waste or tl.e spent nuclear fue 1 wi 11 
be stored. 
How the storage ll'i te wi 11 be arranged. 
How the spent nuclear fuel or waste will be transport­
ed. 
Whatever other information is required in order to de­
termine whether the proposed final storage can be deem­
ed to be absolutely safe and practically feasible. The 
primary consideration here is whether the ~torage 
scheme can meet requirements for satisfactory radiation 
protection. 

The storage site shall ~ermit the isolation of the waste or 
the spent nuclear fuel for as long a time as is required for 
the radioactivity to diminish to a harmless level. 

The possible dispersion of the waste or spent nuclear fuel 
to the biosph~re as a result of natural processes, accidents 
or acts of war shall also be taken into account. 

It is not necessary that a 3totage facility is completed 
when the application for permissiQn is submitted. 

1.3 THE KBS PROJECT 

1. 3. 1 Objective 

KBS was formed by the foll~Ning four nuclear power utilities: 
Statens Vattenfallsverk (The Swedish State Power Board), Oskars­
hamnverkets Kraftgrupp AB (OKG), Sydkraft AB and Forsmark Kraft· 
grupp AB (FKA) in order to meet the requirements of the Condi­
tions Act which pertain to the handling and final storage of 
spent nuclear fuel or high-level waste. 

The objective of the KBS Project is: 

to demonstrate hew high-level waste or spent fuel can be 
handled and fin'llly stored, 

to demonstrate where a final storage of high-level waste or 
spent fuel can be situated, and 

............ 

I 

_j 



1. 3. 2 

--· _........,_.. 

to describe the safety of the proposed arrangements for 
handling and storage. 

Organization 

KBS is organized as an independent project within Svensk Klrn­
bransleforsorjning AB (SKBF - Swedish Nuclear Fuel Supplies 
Inc.). The work is being conducted in consultation and collabo­
ration with organizations, corporations and institutions active 
within the field of radioactive waste handling or other technical 
fields of importance to the KBS Project. 

The KBS Project Board h~~ the following members: 

Goran Ekberg, Sydkraft, Chairman 
Bo Aler, Atomenergi 
Olle Gimstedt, OKG 
Lars Halle, Asea-Atom 
Jonas V. Nor~by, Swedish ~tate Power Board 
Edk S•.•enke, SKEF 
Ingvar Wivstad, KBS, P~ject Director 

Of these members, a 11 e· .cep.; Lars Halle are also !!lembers of the 
Board of SKBF. 

The Project Management Group is responsible under the Board for 
the implementation of the project and is made up of the following 
persons f~om the power utilities: 

Ingvar Wivstad (from the Swedish State Power Board) 
Per-Erik Ahlstrom (from the Swedish State Power Board) 
L~rs B. Nilsson (from OKC) 

A technical committee with an ad,•isory function is subjoined to 
the Project Management Group. Its members are: 

Olle Gimstedt, OKG, Chairman 
Tage Arnell, FKA 
Lars Halle, Asea-Atom 
Yngve Larsson, Sydkraft 
Lars Ake Nojd, Atomenergi 
Erik Svenke, SKBF 

The KBS organization is illustrated in figure 1:1. 

The work has been directed by a central group oF some 20 
persons consisting of the Project Management Group, progr~mme 
leaders (for the programme specified in the organization plan, 
Pll etc.) and staff functions. In addition, some 450 persons were 
engaged through the contracting of consultants, corporations and 
research institutions at technical institutes and universities. 
KBS has also collaborated with 'rganizations in France, the 
United States and Canada whic~ are active within the same field. 

The direction of the wol"k, various alternatives and results were 
discussed in reference and working groups outside vf the organi­
zation itself. Through these g~oups, KBS was able to benefit f~om 
the expe•ience of specialists and experts not directly engaged in 
the KBS project. 

• ... __ 
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The companies, institution~ and expert~ engaged or consulted by 
the KBS Project are listed in Appendix 2 t:o this volume. 

Premises governing ~ ~ of the project 

According to. agreeme. nts entered into with reprocess1.' companies, 
specific quantiti~s of spent fuel from four reactor ocks in 
Sweden - Oskarshamn blocks 1 and 2, Barsebick 2 and inghals 3 -
will be reprocessed. Some of the waste from this ;eprocessina. 
will presumably be returned to Sweden for final disposal. 

Reprocessing agreements· are currently lacking for other reactor 
blocks. It has not previously been possible to sign agreements 
for reprocessing of the fuel discharge from Swedish reactors 
after 1979. The uncertain international situation and the limi­
ted capacity of existing reprocessing facilities (chapter 1:5) 
make it urgent to plan for a final sto(age of spent nuclear fuel 
without prior reprocessing as well. 

For these reasons, the 'KBS Proje::t is ::onsidering both alterna­
tives in the Conditions Act: The handling and final storage both 
of vitrified waste from reprocessed spent nuclear fuel and of un­
reprocessed nuclear fuel. 

Development work on the final storage of high-level waste in 
other nuclear-power-producing countries has thus far been con­
centrated on vitrified waste fr-~ reprocessing. These problems 

--
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have been studied p~imariiy by countries with their.own repro­
cessing projects. As a rule, these countries plan to build 
storage facilities in salt formations, which are considered to be 
extremely stable and impervious to water penetration, The glass 
is enclosed in stainless steel containers and then emplaced in 
direct contact with the salt. 

In recent years, h~wever, attention has been turned to the final 
storage of high-level waste in clays and crystalline rock. The 
Aka Co11111ittee /l-2/ found that Sweden's primary rock formations 
fulfil the necessary requirements for a safe final storage of 
radioactive waste. KBS has .arrived at the same conclusion and has 
therP.fore concentrated its warK on final storage in rock. 

The present report describes the handling and final storage of 
vitrified high-level waste from the reprocess.ing of spent nuclear 
fuel. A corresponding report on the handling and final storage of 
non-~processed spent nuclear fuel is planned for publication in 
the spring of 1978. A status report for this alternative is pro­
vided in Appendix 1 of this volume~ 

-·-
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2.1 

2 .1.1 

2. 1. 2 
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--

PREMISES AND ALTERNATIVE METHODS FOR 
MANAGING SPENT. NUCLEAR FUEL AND 
VITRIFIED HIGH-LEVEL WASTE 

DATA FOR SPENT NUCLEAR FUEL 

Technical data 
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tn order to generate energy in a nuclear reactor, the reactor is 
charged with uranium fuel which contains the fissionable isotope 
uranium 235.; This fue 1 is consumed as energy is produCf!d. Fission 
products and elements which are heavier than uranium are also 
formed. After some time, new fissionabl'!! material must be supplied 
and the spent fuel must be taken out of the reactor. ~ormally, 
roughly 1/3 of the fuel is replaced each year in a pressurized 
water reactor (PWR) and 1/5 per year in a boiling water reactor 
(BWR). 

A BWR suLh as Forsmark 1 produces approximately 220 kWh of elec· 
trical power from each gramme of uranium. The corresponding value 
for a PWR is approx. 260 kWh rer granwne of uranium. The composi­
tion of tl:te fuel changes during the operation of the reactor. The 
spent fuel discharged from the reactor consists of: 

Uranium-235 
Uranium-236 
Uranium-238 
Fissionable plutonium 
Other plutonium 
Other transuranic elements 
Fission products 

BWR 
o. 7 % 
0.4 % 

95.2 % 
0.5 % 
0.2 % 
0.05% 
2.9 % 

PWR 
0.9 % 
0.4 % 

94.1% 
0.8 % 
0.3 % 
0.08% 
3.4 %. 

The n~ly--formed elements are generally unstable and decay to 
fonn stable atoms while emitting radiation. The radiation from 
the spent fuel comes mainly from fission products and diminishes 
as the elements decay. The c~ntent of radioactive elements, their 
half-livP.s and the heat generated in the spent fuel are dealt 
with further in 1:13.3. 

Quanti ties of spent fue 1 

The expected quantities of spent nuclear fuel dischat~ed from the 
world's civilian nuclear energy production is dependen~ o~ the 
rate of construction of new reactors. 

----~ 
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Table 2-1 shows the planned schedule for the construction of 
light-water reactors (YWRs and BWRs) in same countries up to 
1990. These countries are expected to account for more than 85% 
~f the world's total installed electric power generating capacity 
in the farm of light-water reactors in 1980 (Easte~~ Europe and 
Chi.ta not inCluded). The figures artt from the Nuclear Assurance 
Corporation's report of J~ly 1977 /2-1/. The figure of 9.4 
GW(e) for Sweden is based on the assumption that 12 reactors wil1 
be in operation by 1985. 

Table 2-1 

Expected pcwer generating capacity of light-water reactors sche­
duled for construction up to 1990 in GW(e) for each country and 
year. 

Count::z 1976 1980 1985 1990 

Sweden 3.2 7.4 9.4 
Finland 0.4 2.2 3.2 4.2 
France O.J 14.9 39.9 58.1 
West Germany 4.0 13.0 25.5 42.0 
USA 40.1 76.0 158.0 225.0 
Japan 6.9 14.6 30.1 59.0 

Table 2-2 gives the quantities of spent nucleAr fuel based on the 
expected ct'nstruction schedule. Fuel discharge is assumed to be 
28 tons t'f uranium per GW of installed electrical output. 

The tabulated years refer to the years in which the reactor is 
charged with fuel. The fuel is discharged some 2 years later. 
Less fuel is discharged in the initial period of operation of a 
reactor. causing deviations from the equilibrium state assumed in 
the table. 

Table 2-2 

Quantity of spent fuel in stat~ ~f equilibrium, based on the fi­
gures in table 2-1 (tona of ur;·1~ per year). 

Count !I 1976 1980 1985 1990 

Sweden 90 210 260 
Finland 11 62 90 120 
France 8 420 1100 1600 
West Germany llO 360 710 1200 
USA 1100 2100 4400 6300 
Japan 190 410 840 1700 

In 1985. the quantity of spent nuclear fuel in Sweden would 
comprise approximately 4% of the total quantity of nuclear fuel 
from light-water reactors in these. countries. 

--
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f)uantities !I! spent fuel in Sweden 

Table 2-3 gives the expected accumulated quantity of spent fuel 
obtained from the operation of the 13 reactor blocks specified 
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by the 1975 Swedish Parli~ent as the framework for Sweden'~ 
nuclear power plant progra11111e up to 198'L The table also sho"'s 
che accumulated quantity from the 6 reactor blocks in operation 
in 1977. The dates assumed for the start-up of the uncolll1'issiom~d 
~to;;ks are: 

Ringhals 3 
Forsmark 1 
Ringhals 4 
Forsmark 2 
Forsmark 3 
Oskarshanm 3 
Unit 13 

1978 
1978 
1979 
1980 
1984 
1984 
1986 

It is assumed that Barsebick 2 will continue to operate and that 
the availability factor for ~11 blocks will be 60% during the 
first three years and 70% thereafter. 

Table 2-3 

Accumulated quantities of spent fuel ir• tons of uranium from the 
operation of 6 or 13 reactors in Swede .... 

At year-end Reactors in operation 
1-6 1-13 

1977 28 28 
197~ 120 120 
1979 270 280 
1980 380 420 
1981 470 600 
1982 570 790 
19~3 670 980 
1984 770 1200 
1985 870 1400 
1990 1400 2700 
1995 1900 4000 

The annual quantities of spent nuclear fuel from the currently 
ope>ative Swedish reactor blocks are given in table 2-4. 

• 

• 

• 
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Table 2-4 

Annual quantities of spent fuel from operative Swedish reactors 
in metric tons of uranium. (R • Ringhals, 0 • Oskarshamn, B • 
Barsebick) 

Year of Discharge R1 R2 

1977 
1978 25 
1979 42 29 
1980 23 19 
1981 21 18 

. 1982 21 18 
1983 21 18 
1984 21 18 
1985 etc. 

01 02 

13 15 
15 15 
15 17 
12 16 
12 16 
12 16 
12 16 
12 16 

Bl 

35 
18 
18 
17 
17 
16 
16 

B2 

32 
18 
16 
16 
16 
16 

ALTERNATIVES FOR FUEL MANAGEMENT 

General ----
Energy production in a reactor consume~ fissionable material 
while forming waste products so ti1at some of the fuel must be- re­
placed. The spent fuel from a reactor contains: 

unconsumed uranium from which additional energy can be ex­
tracted, 
plutonium formed in the process, •Jhich can also be used for 
further energy production, 
elements formed by nuclear fission (fission products) or by 
neutron capture in uranium (transuranium. elements) and which 
cannot ~e utilized for energy production in nuclear reac­
tors. It is isotopes of these elements ~hich are responsible 
for most of the radiation from the high-level waste. 

Before further energy can be obtained from spent nuclear fuel, 
fission products and transnranium elements must first be separat­
ed from the uranium. This process is called reprocessing. After 
reprocessing, uranium and plutonium can be reused for fuel pro­
ducti..,n while the remainder comprises waste. The high-level waste 
(which consists of fission products and tra~suranium elements se­
parated in the extraction cycle in the reprocessing process) is 
converted t~ solid form by the addition of vitrifyina substances. 
The vitrified waste must be stored wi,·h absolute safety t'or a ve­
ry long period of time. 

If the spent fuel is not reprocessed, all of the fuel constitutes 
waste which, following suitable treatment, must be stored. This 
form of handling of spent nuclear fuel i~ called. direct disposal 
and also requires storage with absolute safety for a long period 
of time. 

In order to avoid making a commitment to a specific method of 
handling which may require highly capital-intensive investments· 
and llinding agreements, reactor-owners may store th'! spent fuel 
for a long periods of time in the expectation that one of the al­
ternatives will display clear advantages over the others. 

-·-
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!h! reprocessing alternative 

After the fuel has been removed from the reactor, it is allowed 
to cool for a certain period of time in the station's spent fuel 
pool and may also be stored in a central storage facility for 
spent nuclear fuel. After this, it is transported to a reprocess­
-ing plant, where the fuel is reprocessed after some mere y~ars of 
storage. The fuel rods are chopped into short pieces and treated 
with acid, which dissolves the fuel. The fuel cladding is nor 
dissolved and is removed. Uranium and plutonium are separated 
from the other elements· by means of extraction with organic sol-
vents. 

The recovered uranium can be enriched iri a manner similar to na­
tural uranium and then reused as a nuclear fuel. 

Plutonium in the form of a mixed oxide can also be used as 
nuclear fuel, in which case it replaces some of the othe~ise 
necessary quantity of urarium-235. Through this recycling pro­
cess, the uranium enrichment requirement is reduced by 15·7.0%. 
Reusing plutonium and uranium reduces the natural uranium re­
quirement by 30-357.. Plutonium can alRo be stored for ft ~ure use 
as fuel in breeder reactors. The separated high-ievel waste is 
stored for several years in liquid form in tanks, after which it 
is converted to solid form by the addition of vitrifying sub­
stance's. The glass is then stored for a number of dec~des in or­
der to allow the rate of heat gem:ration of the waste to drop, 
after which it is encapsulated for final storage. The basic 
handling chain is illustrated schematically in figure 2-1. 

umrium (Piutaftiuml 
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There are currently 4 reprocessing plants in operation in Western 
Europe. Two of these, La Hague in France and ·WAK in West Germany. 
can reprocess fuel. from light-water reactors, while Marcoule in 
France and Windscale in Great Britain mainly reprocess fuel from 
gas-graphite reactors. Three new reprocessing plants are current­
ly in the planning and design stage. Total available capacity for 
the reprocessing of fuel from light-water reactors in the 1980-J 
will not meet the Jamand. Consequently, additional capacity fJt 
the storage of spent fuel is planned. 

In the USA, the licensing of privately-owned reprocess1ng plants 
for civilian purposes has been postponed indefinitely, as has 
permission for the recycling of plutonium into the fuel cycle. 
Reprocessing an~ solidification are dealt with in greater detail 
in chapter I:S. 

~ direct disposal alternative 

The risk that plutonium may be stolen £or use in terrorist ac­
tions or for unauthorized weaponry is cited as an argument 
against the processing of spent fuel which produr.es pure plutoni­
um at any stage. It is also feared that a proliferation of repro­
cessing technology will increase the risk for an accelerated pro­
liferation of nuclear weapons. 

The United States has taken the initiative for an international 
evaluation of the nuclear fuel cycle with regard to the risk for 
the proliferation of nuclear weapons (International Nuclear Fuel 
Cycle Evaluation, INFCE). One alternative course of action for 
the handling of spent nuclear fuel which should reduce this risk 
and which is also being considered in the United States is to re­
gard the spent fuel 2s waste, i.e. not to separate and reuse ura­
nium and plutonium (direct disposal). 

In this case, the fuel is first stored to allow its radioactivity 
to decay. Prior to final storage, the fuel is encapsulated in a 
highly durable material which forms a barrier against the escape 
of radioactive elements to the environment. The waste is finally 
deposited in a final repository. The basic nandling chain for the 
direct deposition alternative is illustrated in figure 2-2. 

2.3 STORAGE TIMES AND QUANTITIES OF VITRIFIED WASTE 

2.3.1 Storage ~ for spent nuclear fuel 

The expected quantities of spent nuclear fuel from Swedish 
nuclear p~Jer blocks were given in 2.1.3. 

An agreement for the reprocessing of spent fuel has been conclud­
ed between OKG and BNFL in Great Britain with regard to Oskars­
hamn 1 and 2 and between SKBF and COGEMA in France with regard to 
Barseback 2 and Ringhals 3. These agreements apply to fuel which 
is discharged during the 1970s. 

The power stations have some storage capacity in existing spent 
fuel pools. This capacity can be expanded by the acquisition of 
new fuel racks which permit a more compact emplacellll'!nt of the 

-·-
-····~ 

J 



-- ~---..... --._ 
-···~ 

27 

Figun 2·2. Th~ dinr:t dqJOsitiorr alt-ti-,e. F7ow J&Mrrw for tlw {ud cyd~ witlt dllwt ston~p 
of th~ ~nt JU« without npmcming. 

fuel elements. Table 2-5 gives the earliest dat~s by which the 
fuel must be retiJOved from the various :.~nits, assuming art expanded 
sr.orage capacity in the pools and a retained reserve capacity for 
unloading the complete reactor core. 

'i'able 2-5 

Dates for earliest required removal of spent fuel. 

Reactor unit First shipment 
Year 

Oskarshamn 1 1984 
Oskarshamn 2 1983 
Ringhals 1 1984 
Ringhals 2 1983 
Ringhals 3 1989 
Ringhals 4 1990 
Barseback 1 1984 
Barsebllck 2 1985 
Forsmark 1 1987 
Forsmark 2 1989 

(From: PRAY, Central storage facility for spent fuel; a prelimi­
nary study, 1977). 

In order to provide additional storage capacity for ~wedish spent 
nuclear fuel pending shipment for either reprocessing or final 
storage of the un-reprocessed fuel, a central storage facility 
for spent fuel is required. A preliminary study of such a facili­
ty has been carried out by the Natjonal Council for Radioactive 
Waste Management (PRAV). ThP- study ~as published in July 1977 
/2-2/ and is discussed in greater detail in 1:4. According co 
this study, the fuel storage facil;ty should be designed fo~ 
3 000 tons of spent fuel. 

t 
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Quantities ~ vitrified !!!!! 

.When the fuel in a reactor ig replar.ed, the spent fuel elements 
are placed in pools at the ~tatinn in order to permit short-liv•d 
radioactive elements to decay. After storage for at least o 
months and (if needed) storage in a central .storage facility for 
spent fuel, the fuel is transported to a reprocessing plant. The 
fuel is stored for approximately 1 year in the plant's reception 
pools prior to reprocessing. The reception pools serve mainly as 
a buffer store for the reprocessing plant, so the storage time in 
these pools can vary. During the early 1980s, the shortage of re­
processing capacity may result in long storage times. 

Uranium and plutonium are separated and can be reused in the fab­
rication of new fuel or stored. The separated high-level waste is 
concentrated and stored in liquid form in tanks equipped with 
cooling systems. It is converted to solid form by the addition of 
vitrifying agents, after which the waste glass is cast in steel 
cylinders. 

Under the terms of signed and planned reprocessing agreements 
with COGEMA, the waste cylinders will be returned to Sweden not 
earlier than 1990. If 13 reactor~ are commissioned ~nd all of the 
fuel is reprocessed, no more than the following quantities of 
vitrified waste can have been returned to Sweden. The figures are 
based on 150 litres of vitrified waste p~r.ton of uranium in the 
spent fuel. 

Year Number of waste Quantity of Corresponding 
cylinders waste in m3 quantity o" fuel in 

ton!! of uranium 

1989 0 0 0 
1990 7.80 42 280 
1995 1 200 180 l 200 
2000 2 700 400 2 700 

1 
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HANDLING AND STORAGE OF VITRIFIED WASTE" 
FROM SWEDISH REACTORS 

3.1 SWEDISH ALTERNATIVES AND COMBINATIONS 

3.1.1 

3.1.2 

General 

As was pointed out in the introduction, Swedish w~rk is being 
concentrated on thP. final storage of radioactive waste in crys- · 
talline rock formations. One of the problems which must be taken 
into account here is th.e possibility that the vater in the bed­
rock could eventually penetrate the encapsulation material around 
the wastP .• d come into contact with the actual vitrified waste 
it::~elf. ..e waste is emplaced at a depth of several hundred 
metres in rock of low permeability where it can safely be assumed 
that the water will move e~tremely slowly (see chapter I:7). Ion 
exchange reaction~ and other chemical processes ensure that the 
dispersal of most radioactive substances which are dissolved in 
the water takes place at a much slower rate than the moveMent of 
the water. 

Knowle~ge regarding the movement of water and chemical conditions 
in rock at depths of several hundred metres was extremely limited 
when the KBS Project was started. KBS is therefore conducting ex­
tensive investigations into these subjects. A data base of limit­
ed scope has been assembled in the available time. In evaluating 
the safety of waste storage, it is theref~re necessary to make 
conservative assumptions with regard to water movement and chemi­
cal reactions at great ctepths. In order to demonstrate today how 
the vitrified high-level waste can be finally di3posed of withr 
out risking unacceptable dispersal of r~dioactive substances, a 
system involving a number of barriers against such dispersal is 
proposed. 

Proposed alternativ~ 

The method for handling spent nuclear fuel which is presented in 
this report is based on the following principles: 

1 Final storage of the waste in precambrian crystalline bed­
rock. 

2 A series of barriers against dispersal of the radioactive 
substances from the final repository. 

------, • 
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3 Flexibility in the handling chain in order to preserve free­
dom of action and permit the application of further 
technical developments. 

No technical-economical optimization of the facilities, handling 
methods and final storage method has been carried out: 

The following handling chain is proposed in order to ensure a 
safe final storage of the high-level waste and simultaneously re­
tain hi~h freedom of action and adaptibility to future technical 
developments: 

2 

After the spent nuclear fuel has been allowed to cool for at 
least & months at the power stations, it is transported to a 
reprocessing plant or to a central storage facility for 
spent fuel. 

The fuel can be stored at the central fuel storage facility 
for up to about 10 years in water-filled pools. The design 
of the central fuel storage facility is described in chapter 
1:4. From the central fuel storage facility, the fuel is 
transported to repr~cessing. · 

J The fuel is reprocessed 2-10 years after it has been· taken 
out of the reactor and the high-level waste from reprocess­
i::lg is converted to sciid form- vitrified. (See chapter 
1:5.) Vitrification is carried out using the French AVM pro­
cess, which is now appli.ad on an industrial scale . 

4 

5 

·n1e product of vitrification is high-activity cylindrical 
glass bodies enclosed in vessels of stainless steel - waste 
cylinders. Each cylinder contains the waste from approxi­
mately 1 ton of uranium. The cylinders are stored at the re­
processing plant until at least 10 years has passed from the 
time the fuel was discharged from the reaLtor. According to 
current agreements, Sweden has to take back waste from re­
processing in 1990 at the earliest. The propert~es of the 
glass are described in greater detail in chapter 1:5. 

From the reprocessing plant, the waste cylinders are shipped 
to an intermediate storage facility for high-level Wdste. 
This is designed as an air-cooled dry storage facility situ­
ated in rock with :tn arproximately 30 m thick rock cover 
(see chapter I:&). The waste can be stored in this.manner 
for a very long period of time. The capacity of the central 
fuel storage facility and the intermediate stordge facility 
is sufficient to store waste from 13 reactors. A period of 
30 years has been chosen for storage in the intermediat~ 
storage facility. This ensures plenty of time for optimiza­
tion of the final storage method. Intermediate storage can 
also be extended beyond 30 years. Over a 30-year period, 
radiation and heat flux from the waste declines to about 
half. 

In this stud~·. the intermediate storage is assumed to be 
located adjacent to th.a final repository. This i.s not, he­
ever, intended as a necessary restriction of the location of 
an intermediate storage fa~ility (see chapter 1:11). 

---
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After 30 years of storage in the intermediate store, the 
waste cylinders are encapsulated in an extremely durable 
casing. The casing is made of titanium and is 6 mm thick. In 
order to reduce radiation through the titanium casing and 
thereby the radiolytic disintegration of the groundwat•r in 
the rock, a 10 em thick layer of !ead is inserted between 
the stainless steel cylinder surrounding the glass and the 
titanium casing. Lead also possesses excellent durability. 
The entire ranister is shown in figure l-1 and described in 
gruter detail in chapter 1:6. The total weight of the waste 
cylinder and the casing is approximately 3.9 metric tons. 
The external dimensions of the canister arl'! approximately 
0.6 m diameter and 1.8 m length. 

The encaosulated waste is· then taken to a final repository 
approximately 500 m down in the bedrock. The repository is 
designed a~ a system of tunnels approximately 3.5 m wide and 
high and spaced at arproximately 1.'\ m intet"'"dls. Storage 
holes approximately 1 m in diame:o~r and 5 m deep are drilled 
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in the floors of the tunnels. One waste canister is stored 
in each hole. The centre-to-centre distance between the hol­
es is approximately 4 •· The layout of the tunnel system 
with· holes is illustrated in figures J-2 and 3-3. A buffer 
mass consisting of a mixture of quartz sand and bentonite is 
packed around the waste canister. Bentonite is a clay which 
swells when it absorbs water. The primary purpose of the 
l)uffer mass is to fix the. canister and to serve as a lll'!cha­
nical barrier. The material has been chosen for ita mechani­
cal stability and high durability. It also possesses low 
water permeability and an ion-uchanging capacity for many 
of the radioactive elem€nts in the waste. The final repoai-· 
tory is described in cha~ter 1:8. 

Backfill of the storage holes with buffer mass takes place 
immediately after deposition. Overlying tunnel systems can 
be kert open and ventilated as long as deposition is pro­
ceeding in the facility. During this time, retrieval of the 
deposited waste is in principle a simple matter. Such re­
trieval has not been studied more closely since it is better 
to extend storage in the intermediate store in·-case of doubt­
with.regard to starting final storage. Such doubt may st~• 
from current technical developments in the field of alterna­
tive uses for the waste products or a desire to await prac­
tical experiences from foreign facilities for final storage. 

After all bare holes in the entire tunnel system have been 
filled with canisters, th:! tunnels are filled with a mixture 
of quartz sand and bentonite similar to that used in the 
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storage holes. Access tunnels and shafts are filled in a 
similar .. nner. 

10 Spent nuclear fuel can be transported using techniques which 
are already in use and have already proved theh worth. With 
some slight modification, the same transport casks can be 
used for the transportation of vitrified high-level waste. 
The safety aspects of transporting high-level wastes are 
regulated by LAEA regulations. Transportation is dealt with 
in chapter 1:9. 

The handling chain is illustrated by figure 3-4. The dates and 
quantities given in the figur@ merely illustrate the interrela• 
tion of different types of storage facilities for a nuclear power 
prograJIIDe of the scope outlined in the 1975 parliamentary 
resolution, i.e. with 13 light-water reactors in operation by 
1985. If these reactors are operated for 30 years and if all 
the spent fuel is reprocessed, a total of approximately 9 000 
waste canisters will be obtained and will have to be disposed 
of. A change in the assumed scope of nuclear pov•r production in 
Sweden would require modification of the quantities specified in 
the figure. But the time schedule for the implementation of the 
various phases would only be altered slightly. 
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3.1. 3 Barriers against dispersal ~ radioactive substances 

The proposed handling chain ensures the safe handling and final 
storage of the high-level waste. This is shown in greater detail 
in chapter I:l3. Dispersion of the radioactive substances from 
the final repository is prevented or retarded by the following 
means: 

The radioactive elements are bound chemic'ally in a glass 
which possesses high resistance to dissolution in water un­
der the conditions prevailing in the final repository. 

The high-level waste glass is enclosed in a canister con­
sir.ting of three successive metallic layers: 

3-4 mm stainless steel 
100 nm lead 

6 mm titaniUJII 

Under the conditions pr~vailing in the repository, both ti­
tanium and lead possess outstanding resistance to penetra­
tion, so it is unlikely that water will come into contact 
with the actual waste glass f~r many millenia after deposi­
tion (see chapter I:&). 

The buffer material which surrounds the waste canister 
possessas good stability and very low water permeability. 
The circulation of water around the canister will t~er~fore 
be roughly the same as in the surrounding rock. 

The buffer mass and the rock have an ion-exchanging capacity 
so that many radioactive subst:ances would, if the:• were 
dissolved in the groundwater, be dispersed much mc•re slowly 
than the rate of flow of the water. 

The rock formation chosen for the locati"n of the storage 
tunnels must be selected with care. Groundwater movements 
must be small and have such a direction that it takes a long 
time for the water to flow from the final repo~itory into 
areas in contact with the ecological system. The geological 
surveys carried out by the Geological Survey of Sweden (SGU) 
for KBS have shown that primary rock fonnations possessing 
the desired characteristics exist in Sweden (see chapter 
I: 7). 

The Finnsja region 16 km west-southwest of the Forsmark nuclear 
power 'Jtation has been used in this report to provide certun 
studie~ with a geographical point of reference. This does not 
me •• n tlat this region is actually being proposed for the site of 
a future final repository. 

3.2 FLEXIBIUTY AND DEVELOPMENT POSSIBILITIES 

The handling chain proposed here entails considerable flexibility 
with .'C!gard to future options and technical development. 

A ce,tral fuel store •ith the proposed capacity will permit con­
siderable flexibility with regard to the quantities of spent 
nuclear fuel which may be scheduled 1~~ reprocessin3 over the 
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next 10 years. In the ptesent situatiol". with. a -:.hortage of re­
proceSBing capacity and a monopoly &·.tuacion ir this area, such 
flexibility is essential. The currer.c debate regarding the future 
use of plutoniu~ also makes a flexible strategy desirable. 

One advantage of being able to postpone a final decision on the 
question of large-scale reprocessing is the fact that new methods 
for converting the waste into solid form may be develC'ped. These 
new methods may make final storage simpler and less expensive. 

An intermerliate storage facility for high-l~vel waste provides· 
extra time for a tech."1.ical-eco.nomical optimization of the final 
storage method with unimpaired high safety. The d,.e for final 
storage can be chosen when the results of the development work 
which is currently in process in various countries are available. 
The final storage site can be selected on the basis of thorough 
investigations of all the ecological, technical, economic and so­
cial factors which are of importance. The suitability of the site 
can be verified and demonstrated to the public by means of long­
term tests. Studies concerning methods for utilizing the waste 
products can also be conducted. 

The canister may be made of other materials than titanium and 
lead. The materials discu.'lsed in the status report on direct dis- ~ 
posal (Appendix 1), i.e. copper or aluminium oxide (corundum, 
Al 2b3), may be suitable for use in the encapsulation of vitrified 
waste. 

It is hoped that future hydrogeological studies will reduce 
current uncertainty w~th regard to water movements etc., whereby 
simpler encapsulations may prove to be satisfactory. The tunnel 
system and the emplac~ment of the waste canister have been chosen 
on the basis of conservative considerations. Further data on the 
properties of the rock will probably permit a more clos~ly packed 
storage of canisters as Wt!ll as multi-level storage. Studies of 
the design of the final repository in other respects may also 
prove necessary in order to find simpler and cheaper solutions. 
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CENTRAL STORAGE FACILITY FOR SPENT FUEL 

NEED FOR CENTRAL S"iORAGE FACILITY FOR SPENT FUEL 

All nuclear power plants have storage pools for spent nuclear 
fuel. These pools are needed so that. the fuel in .the whole reac­
tor core can.be taken out if necesJary and so that spent nuclear 
fuel can be stored before it is sent on to reprocessing or 
further sLorage elsewhere. The !!pent fuel pooh must be installed 
close to the reactor. Space here is limited and the pools norm­
ally only have room for at most 2 or 3 years spent fuel above and 
beyond space for the temporary removal of the reactor core fue 1. 
This capacity is fully adequate, provided that there is good 
access to reprocessing capacity or storage space. This has not 
been the case in the past. Sweden, olong with other countries 
with nuclear power, must therefore expand its storage capacity 
for spent nuclear fuel. Additional storage capacity can be creat­
ed in three ways: 

The r.torage capacity of existing pools can be expanded, al­
though only to a limited extent. 
New pools can be built at every nuclear power plant. 
A central fuel storage facility servi~g a number of nuclear 
power plants can be built. 

The latter alternative has been chosen as the best means of en­
suring sufficient storage capacity in the long run. Compared with 
the total cost of storage faci1~ties at each n•Jclear power plant, 
a central storage facility is considerably cheaper. Installations 
which depend not at all or only slightly on theo size of the stor­
age facility need only be built at one site. This applies, for 
example,· tc a receiving station for transport casks and to most 
of the auxiliary systems, both of which comprise sizable cost 
items. On the other hand, the transportation equipment required 
f"r a ce.ntral storage f~-::ility is more expensivr~. Hr.we·rer, the 
additional cost for tranSJ:·Ortation equipment i& only a·lproximate­
ly 10% of the total cost ior ~ central fuel storage facility, so 
a saving on this item woull. not compensate for higher ~osts in 
the other areas. 

Obviously, the amount of storage capacity which is required de­
pends on how much fuel is to be ~ent for reproces~ing and when 
this can be done. Regular shipments of fuel for reprocessin~ will 
hardly be possible before the available reprocessing ca~acity in 
Europe has been expanded so that it is in equilibrium with the 
annual production of spent nuclear fuel. This will probably occur 
no sooner than the late 1980s. Transports may also be delayed by 
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the fact that other countries have considerable quantities of 
fuel awaiting reprocessing. Thus, it h important from the view­
point of toth preparedness and negotir.ting strength that the 
central spe11c fuel storage facility be large enough to IDI!et Swe­
dish needs through the early .1990&. 1his corresponds to a storage 
capacity of 3 000 metric ton.s of uranium. It is assumed that the 
facility will be located njar a harbour. 

DESIGN OF FACILITY 

Description£! f~cilitv 

When PRAV (the Nati0nal Council for Radioactive Waste Management) 
was formed at the sugge, ~ion of the Aka Committee its work sche­
dule included a preliminary study of a central storage facility 
for spent nuclear ft·"!l. This preliminary study was carried out 
under the guidance of PRAV during 1971 by personnel from SKBF and 
the Swedish nuclear pover utilities. The description given here 
is based on PRAV's prelimina~ study. PRAV has now handed the ma· 
terial over to SKBF, who are responsible for ccntinued work on 
the planning and design of the fuel storage facility and applica­
tion for sit1ng approval. Certain parts of the facility may be 
subject to modification in this connection. 

Most of the facility will be situated underground with a rock 
cnver approximately 30 metres thick to provide protection agair. t 

external forces such a!l acts of war:; and sabotage. 

The. receiving and storage section is situated in a rock cavern 
approximately 280 m long and 20 m wide. Its heigh~ ·.-~:-ies between 
25 and 35 m. A smaller rock cavern is c~ilt parallel to this one 
to accommodate auxiliary systems, mainly electri~al systems. A 
transept containing the plant control C.<!ntre and communications 
and changing rooms will c:onnect the two !'averns. The subsurface 
facility will be connected to the surface building by means of a 
vertical shaft. Besides personnel transports, the vertic.d shaft 
will also be used to carry ventilation ducts, cable~ and pipes. 
Heavy transports will take place via a descent tunnel. 

The surface building wi 11 acc01110dace offices, personnt'! 1 quarters, 
auxiliary power units, \•entilation fans ~nd a seawater cooling 
sy!ltem. 

The construction and function of the facility is described in 
greater detail in chapter Ill:J. 

In terms of function, lhe facility can be divided into a receiv­
ing section, a storage section and an auxiliary systems section 
(see figure 4-1). 

The receiving section contains an area for transport vehicles, 
where the arriving transport cask is inspected externally, after 
which it is lifted off the vehicle and placed in a holding pen. 
The cask is then cleaned externally, after which it is connected 
to a water loop for internal cooling and cleaning. The transport 
cask is then transferred to a discharge pen (reception pool), 
where the cask is opened and the fuel elements are lifted out one 
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by one by a handling machine. The elements are then placed in 
special castettes. 

The receiving section also houses areas and equipment for chang­
ing and cleaning the t~ansport cask linings. 

The cassettes with the fuel elements are transferred to the stor-­
age section in a water--filled conveyor channel by means of a 
handling machine. 

The storage section consists of 6 water--filled pools with a water 
depth of 12 m. 

The auxiliary systems section contains cooling and cleaning sys­
tems for the rec~iving and storage sections and systems for 
handling the radioactive wast~. Electrical power systems and mo­
nitoring and ventilation equipment are located separate from the 
radioactive system. 

Reasons for storage .!!! ~ 
The facility is located in rock for environmental and safety 
reasons. A rock cavern with a 30 m rock cover provides good pro­
tection against damage due to acts of war and sabotage. Since 
there is good bedrock at the sites which are being considereci fo-r 
a central fuel store, the cost difference between a rock-enclosed 
facility and a surfac~ facility with a corresponding level of 
protection is small. Since the buildings are large, a surface in­
stallation would have considerable impact on the landscape pro­
file. 

The above-stated reasons for locating the facility in rock apply 
especially to the storage section, while the receiving section 
could be located on the surface. Such. ~ solution is being studied 
in connection with th~ planning of a central storage fac'lity. 

Expandabi 1 i ty 

The design concept of the facility with the storage pools arrang­
ed one after the c:her ciS separate units provides ample opportu­
nity for expansion in stages. The rock caverns are ~lasted and 
the auxiliary systems are designed in .such a manner as to facili­
tate future expansion. 

Should the need arise for additional storage capacity during the 
1990s, a similar facility can be built adjacent to the Ohe which 
is now being planned. Potential for future expansion is being 
taken into consideration in the evaluation of alternative sites. 

Service .!.!!! ~ deco11111issioning 

It is estimated that the central storag~ facility will have an 
economic life of approximately &0 years. This doe~ not mean that 
the facility will no longer be useful for its purpose after this 
time. Continous maintenance and renovation of machinery and 
equipment can prolong this life. 
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When the central storage facility has served out its life. de­
commissioning is facilitate4 by the location of the facility in 
rock. Deco11111issioning may proceed as follows: 

Fuel is removed to another storage facility. to reproceesing 
or to direc~ disposal. 
Active components other than fuel are removed to final depo­
sition. 
The facility is thorougly decontaminated. Scrap and building 
components which constituta law- and medium-level waste are 
taken away for disposal. 

The facility can then be used once again for nuclear or other ac­
tivities. If the rock caverns are not to be utilized for other 
purposes but rather sealed off, the work of dismantling and de­
contaminating can be reduced. 

The decommissioning of a central fuel storage facility poses few­
er problems than the decommissioning of a nuclear power plant. 
This i!l p'dmarily due to the fact that the central storage faci­
lity does not contain heavy equipment or permane~t installations 
which are highly radioactive • 

.. 
OPERATI(.'N OF FACILITY 

A central lltore for !>pent nuclear fuel wi 11 be under the supervi­
sion of tht same authorities as a nuclear power plant, namely the 
National Nu~lear Pow~r Inspectorate, the National Institute of 
Radiation Protection etc. These autohorities issue directives and 
regulations governing both the design and the operation of the 
facility. 

Administrative surveillance of the fuel will be carried out unde · 
the supervision of thP. Swedish Nuclear Power Inspectorate (SKI) 
and the International Atomic Energy Agency (IAEA). 

The ~?erating personnel, an estimated 100 or s~ persons, will re­
ceive both theoretical and practical training in matters such as 
radiation pr~tection, criticality, design and function of systems 
and components and operating and maintenance technology. Practi­
cal training of the personnel will include on-the-job duty with a 
special emphasis on fuel handling at operative nuclear power. 
plants. 
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s REPROCESSING AND SOLIDIFICATION 

S.l INTERNATIONAL REVIEW 

5.1.1 Current situation £2! reprocessing ~ Europe 

There are currently. four reprocessing plants in operation in 
Western Europe, and design work has been started on an additional 
three. 

The first French reprocessing plant, UPl in Marcoulc, was built 
to reprot. ... as fuel from the gas-cooled graphite-moderated reactors 
in Marcoule. It was completed i~. !958 and has been in operation 
since that time. Marcoule will now gradually take over the repro­
cessing of fuel from other French reactors of this type as well, 
which was formerly done in La Hague. Marcoule also reprocesses 
fuel from a French hea~ater reactor and some fuel from the 
Phenix breeder reactor. The reprocessing capacity of the plant at 
Marcoule is approximately 1 000 metric tons per year. The PIVER 
plant in Marcoule has been batch--producing high-level glass since 
1969. The high-level glass has been cast in containers made of 
chromium-nickel steel. At present, vitrified waste with an acti­
vity of around 5 million CIJries is stored in asubsurface air­
cooled concrete storage facility in Marcoule. 

The other French reprocessing plant, UP2 in La Hague, st~rted 
routin~ operation in 1967. From the start, the plant was intended 
for the reprocessing of fuel for the gas-graphite reactors. In 
1971, the construction of'a "head end" for the reception, chopp• 
ing and dissolution of light-water reactor fuel was c~nced at 
La Hague. The plant for the separation of uranium, plutonium and 
high-level waste is the same for gas-graphite fuel and light• 
wat--r reactor fuel. The plant is currently operated alternately 
with either one or the other type of spent fuel. Trial operation 
of this section began in 1976, when 15 tons of fuel from the 
Swis~ boiling water reactor in MUhleberg were reprocessed. The 
next operating period with light-water reactor fuel will begin at 
the end of 1977. The strike at La Hague in the autumn of 1976 has 
delayed the operating schedule. 

In November ~f 1976, the French government•ownea nuclear fuel 
company COGEMA and its personnel organizations appointed an ex­
panded committee for hygiene a~d safety with directive3 to pro­
pose improvements in the w~rking environment. In June of 1977, 
this coDDDittP.e published a report with proposals for improvements 
in the working environment coverins 47 points which were to be 
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implemented by 1981. COGEMA has decided ~o implement this pro-­
gramme in its entirety. Some of the proposals have already been 
put into e£fect. 

The capacity of the plant at La Hague is 1 000 metric tons uf 
gas-g"aphite reactor fuel per yea~. Starting i 1978, the plant 
will gradually shift emphasis to the rel'rcct!uing of light-water 
-:-eactor fueL The capacity of the plant for such fuel is 400 tons 
of uranium per year. This capacity will be increased to 800 tons 
per year as of 1981 by means of supplementary installation~. 

The British reprocessing plant in Windscale, which is owned by 
the National British Nuclear Fuels Ltd. (!NFL) was commissioned 
in 1964. It was built for the r•aprocessing of gas-graphite re­
actor fuel, .but was then modified to permit the reprocessing of 
light-water reactor fuel as well. Some light-water reactor fuel 
was rPorocessed in the early 1970s, but after an incident in 
1973, the rebuilt section was closed down. 

The plant in Windscale now reprocesses fuel from the British gas­
graphite reactors. Its annual capacity is about 1 OOQ tons per 
year. The spent light-water reactor fuel is currently ~tared in 
water pools for later reprocessing. After the rebuilding of a 
"head end", the reprocessing of light-water fuel will be resumed. 

The first industrial d~nonstration of reproces,~ng of ligth-water 
reactor fuel took place under the auspices of the joint Western 
European project Eurochemic, which constructed and operated a 
small installation at Hol in Belgiun •• 1he plant was run for 7 
years and reprocessed, among other things 190 ::tetric tons of 
light-water reactor fuel. After runni~g-in and debugging, the 
plant operated satisfactorily. But experiencP. showed that the 
process would have to be modified for a larger-scale industrial 
plant. 

Operation of the reprocessing plant in Mol was discontinued in 
January of 1976· •. The -lecision to shut down the plant was made a 
couple of years earlier by its Western European proprietors, who 
foresaY a reprocessing overcapacity in Western Europe, in which 
case it would no longer be economical to operate a small-scale 
plant such as Eurochemic. The situation has.nav changed and the 
Belgian utilities are investigating the possibility of resuming 
operation of the plant for Belgian needs. 

Another demonstration of the reprocessin~ of light-water reactor 
fuel is in progress at the West German reprocessing plant of WAK 
near Karlsruhe. This plant, which has an annual capacity of 40 
metric tons, was commissioned in the early 1970s. After a couple 
of years with various operational problems, it has run smoothly 
over the past few years and is now reprocessing light-water re­
actor fuel. 

'!'hree new reprocessing plants are current.ly being planned in Wes­
tern Europe. All will be designed especially for light-water re­
actor fuel. COGEMA wi 11 build a new plant in La Ha~e-called UPJA 
with an annual capacity of 800 tons and a scheduled starting date 
in 1984/85. Plans call for the commissiryning of a similar plant 
with the same capacity, UPJ!, a couple of years l~ter. 

BNFL is phoning a new plant in Windscale called THORP 1 with a 
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capacity of 1 000 tons per year. It is scheduled to start opera­
tion in 1985 at the earliest. The British Minister of the En­
vironment decided in December 1976 that a public hearing o~hould 
be held regarding thi~ plant, so it is uncertain at the present 
time when and if the plant will be built. 

Both COGEHA and BNFL plan to utilize their plants to meet both 
their own countries' needs as well as the needs of other count­
ries, primarily in Western Europe and Japan. Plans ca]l for the 
financing of the new plants by having domestic and foreign cus­
tomers. sign long-term reprocessing contrac.ts· involving advance 
payments. 

The ,ower utilities in West Germany have formed a joint company, 
DWK, -hich plans to build a large reprocessing plant. Discussi~ns 
regarding the location of the plant are currently being held. 
According to present plans,· such a plant would be cOIIIIlissioned in 
1988. 

Current situation for reprocessing in ~ countries 

The Soviet Union is expected to start reprocessing light-water 
reactor fuel on. a large scale during the early 1980s. It is esti­
mated that thP. Soviet capacity will cover Eastern European needs. 

Japan has constructed a reprocessing plant with French technology 
in Tokai-Mura with an annual capacity of 200 tons. In July oi 
1977, the plant sta~ted accepting spent nuclear fuel. An agree­
ment has now been reached betwaen the United States and Japan 
sa~ctioning Japanese plans to commence the reprocessing of spent 
fuel in the near fut•tre. 

In ~he USA, where reprocessing technology was developed during 
the 1940s, federal reprocessing plants are in operati.:)n in Han­
ford and Savannah River. Today, these plants are reprocessing 
both military fuel and fuel from research reactors. 

The reprocessing and recycling of plutonium from civilian nuclear 
power rea~tors in the USA will be postponed indefinitely, accord­
ing to President Carter's Energy Plan. 

SWEDISH REPROCESSING CONTRACTS 

OKG has a contract with BNFL for the reprocessing of spent 
nuclear fuel from the Oskarshamn 1 and 2 reactors in England 
which will cover the needs· of these reactors up until 1980. SKBF 
has signed a contract with COGEMA for the reprocP.ssing of spent 
nuclear fuel from the Bar3eback 2 and Ringhals 3 reactors, which 
will also cover the disch~rged fuel needs of these reactors up to 
1980. 

For the present, pending resolution of the situation in the UK, 
SKBF is negotiating only with COGEMA regarding the reprocessing 
of nuclear fuel during the 1980s. Most of the fuel would be re­
processed in the planned UP3A plant. 

The jescription of the properties of the waste glass provided in 
this chapter ~nd in chapter III:~ is based on studies and infor--

_j 

• 

• 

• 

• 

• 

• 

• 



-· 
46 

5.3 

··~ 

··~ 

... ·--·-

Illation from COGEMA. Some of the claima have bean supported by 
Swedia:- v.rification studies of the waste gla .. from COCEMA. 

SKBF•a reprocesair., agree~~nt specifies a lover c~tenc of 
fission products in the vitrified waste than current French prac­
tice. This has be~n done to reduce the heat generation of the 
waste, thereby facilitating handling and storage of the materiMl. 
Properties which stem from this change are easy to calculate. 

Accord inK to the repre~cessing agree•nt, SK3F and COCEMA vi 11 
reach a formal agreement some time in the early 1980s on contract 
specification for the vast~ glass which are scheduled to be 
returned to Sweden no earlier than 1990. The product characteris­
tics which will be specified at this time will not deviate sub­
stantially frOT:I the properties specified ·: :. this report. In any 
case, any deviations will be insignif:~4nt for an evaluation as 
to whether the high-level waste in the form of glass can be 
handled and stored in an absolutely safe .. ~:mner. 

PROCESSES· 

The plants for the reprocessing of spent n~clear fuel which have 
already been erected, are under construction or are in t.he 
planning stage are all based on vsriations of the American Purex · 
process. In short, the basic process involves chopping the fuel 
P.lements, dissolving the fuel in nitric acid, separating uranium 
and plutonium from the fission products in the fuel by means of 
extraction with an organic solvent, separating the uranium and 
plutonium from each other and final refinement of the uranium and 
plutonium. 

Reprocessing of the spent fuel divides the fuel into four frac­
tions containing uranium, plutonium, cladding waste and high­
level waste in.solution. Figure S-1 shows a simplified flow 
scheme of the reprocessing of spent nuclear fuel from light-w~ter 
reactors. 

Diaolutioft 
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The high-level waste solution contain• an estimated 0.1% of the 
original quantity of unnium and 0.5% of the original quantity of .. 
plutonium plus the total quantity of fission products and other 
transuranium elements. The solution is evaporated in cooled and 
monitored stainless steel tanks. After a period of storage, the 
liquid high-level waste is converted to solid form. The repro­
cessing plant at La Hague will first convert the high-level waste 
to a calcinata. The calcinate will then be melted down together 
with borosilicate glass and cast in co~tainers made of chromiuma 
nickel steel. When a container is filled with waste glass, it 
will be hermetically sealed by the welding•on of a lid. The out• 
side of the container (waste cylinder) will be decontaminated by 
rinsing with water under high pressure, thereby simplifying the 
subsequent handling of the waste cylinder, The cylin~er will then 
be transported to a cooled store at the reprocessing plant. 

The high-level glass vi ll be fabricated by remote control in "hot 
r.e11s" with thick concrete walls and with lead glass windows 
through which the process can be followed. Experience of non-con­
tinuous glass manufacture in the PIVER plant has been gained in 
Marcoule. A larger industrial plant for glass production by means 
of a continuous pr~cess, AVM (Atelier de Vitrification de Mar­
coule), is completed and is currently being tested with inactive 
glass. Production of high-level glass from Marcoule will commence 
in early 1978. The design of a similar vitrification facility for 
the reprocessing plant at l.a Hague has been commenced. 

PROPERl'IES OF VITRIFIED WASTE 

Dimensions and radioactivity content 

The vitrified waste arrives in Sweden in cylinders made of 
chromium-nickel steel. Each cylinder is 400 mm in diameter, 
1 500 mm in length and contains 150 litres of glass (see figure 
5-2). The density of the glass is 2.8 g/cm3. Each cylinder weighs 
470 kg and contains high-level waste from the reprocessing of 1 
ton of uranium in spent nuclear fu-.1. This means that the fission 
products content of the glass is redur.ed from 20% to approx. 9% 
by weight, as prescribed in SKBF's reprocessing contract with 
COGEMA. Heat generation from each cylinder is thereby reduced ta 
values which comply with KBS proposals for the handling and 
storage of vitrified waste. 

According to the current contract, the waste cylinders will be 
returned to Sweden no earlier than 10 years after the fuel was 
taken out of the reactor, at which point the total radioactivity 
per cylinder is 4.105 curies. 30 years later, the amount of ra• 
dioactivity will have dropped to 2.105 curies. Heat flux percy-
linder is then a maximum of 525 W. · 

Fabrication of borosilicate glass 

Researchers at the French Atomic Energy COIIIDission initiated la­
boratory trials for the production of waste glass back in 1957. A 
pilot plant for the production of waste glass called PIVER was 
commissioned in 1969. This plant ~reduces high-level glass from 
the reprocessing of gas-graphite fuel in Marcoule. Since 1969, 
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high-~evel waste with a radioactivity of 5 million curies has 
been vit r-~iied in the PIVER plant, resulting in the production of 
12 tont. cf ~las~. This glass is now being stored in a dry, air­
cooled citpo~ in Harcoule. 

But the capacity of the PIVER facility is too small for the in­
dustrial production of high-level glass. A new plant has been 
built for continuous,glass producti~n on a larger scale in Har­
coule, where operation with active uteriai is eXtJected to start: 
in early 1978. 

From the beginning, the French researchers concentrated their in­
terest on borosilicate glass. The atolll8 in this glass are not: 
arranged in an orderly fashion as in crystalline substances. Only 
atoms of a certain size can be incorporated in a crystalline 
structure. Glass, on the other hand, is able to dissolve the 
different: atolll8 of varying size which occur in high-level waste. 
In addition, the structure of glass can adjust: to the radioactiw 
disintegration which takes place in the fission products and 
actinides and which results in their conversion to new elements. 

BOrosilicate glass is composed of silicon dioxide, sodium o~ide 
and boron oxide. In the production of French high-level glass, a 
prefabricated inactive borosilicate glass is mixed with calcined 
high-level waste from reprocessing. The advantages of borosili­
cate glass are: 
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good chemical resistance to leaching in water, 
good mechanical resistance to rapid temperature fluctu­
ations, 
low cr;·stallization rate, 
little increase of leaching rate if the gl~•• crystallizes 
and 
good resistance to radiation damage. 

Leaching~ borosilicate glass 

If groundwater comes into direct contact with glass, 1 very slow 
leaching of ions from the glass to the water takes place. At Har­
coule, the leachin~ rate for boroBili~dte ~~~· containing 20% 
fission product~ from ligth-water :~actor fuel ha. been deter­
mined in flowing water (dynamic leaching). The leac, ing rate at 
25°C has been calculated to be Z.lo-7 g/cm2 per day, ~~ich 
corresponds to a dissolution of 0.003 mm of glass thickn-~• n-r 
year, ur approx. 1 mm every 3 000 years. This applies for leach­
ing with flowing water. In the case of stationary water (static 
leaching), which corresponds more closely to the conditions pre­
vailing in a final repository, researchers in Marcoule have 
measurPd leaching rates which are lower than for dynamic leach­
ing. Borosilicate glass containing only 9% fission ~roducts can 
be exported to exhibit a slightly lower leaching rate than glass 
with 20% fission products. 

Experiments in Marcoule with water quality varying from tap water 
to seawater show virtually the same leaching rate. The leaching 
rate does, however, increase at low and high pH values. Measure­
ments have found an increase of ~he leaching ratP. by a factor of 
10 at pH 3 and a~ increase by a factor of 20 at pH 14 as compared 
with the lea~hing •ate at pH 8. At less extreme pH values, the 
increase is less. Al pH 11, for example, which ~xceeds the pH 
value which can be e.:pected in a final repository, the leaching 
rate does not deviate significantly from the rate at pH 8. 

In trials with French glass, a temperature increase from 25° to 
70°C increased the leaching rate by a factor of 10. The tempera­
tures which can be expected in a Swedish final repository lay be-
tween 20° and 70°C. " 

Samples of high-level borosilicate glass from gas-graphite reac­
tors in Marcoule which were manufactured and tested in 1966 were 
subjected to test leaching again ir. 1976. The leaching rate 
proved to be virtually unchanged, 10-7 g/cm2 and day, with an 
otherwise identical procedure. Nor is any Hignificant change in 
the leaching rate expected to occur over very long periods of 
tii'DI!. 

Experiments are being conducted at Studsvi~ with the leaching of 
high-level glass from Marcoule ~nd of high-l~vel glass with an 
extra-high plutonium content. The ieaching P~~ri~nts are being 
conducted with water grades which corr~spond to the groundwater 
around a final repository. Results obtained thus far agree in 
essence with the French trials. 
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Thermal and mechanical properties ~borosilicate glass 

When the glass ha• been cast in the chromium-nickel steel cy­
linder, it will be subjected to compressive stresses due to the 
shrinkage of the cylind~r as it cools. The a• llity of the glass 
to resist such stress is very good. However. ~he rapid ~ooling 
which take~ place during decontamination ot the cylinders may 
cause the gl~ss to cra~k. Studi~s in Harcoule have shown that a 
surfa::e er:lar~ement corresponding to a factor of 2-3 takes place 
upon extre~ly rapid cooling. The maximum surface enlargement in 
·handling and transport has been estimated to be a factor of 10. 

0 Heat is generated inside the glass. At temperatures above 550 C, 
there is a risk that some of the glass will crystallize. Experi­
ments have been conducted in Marcoule in which high-level glass 
blocks were held at temperatures of 800°C for 100 hours. Th~ 
blocks had not crnck~d and the leaching rate after the heat test, 
exhibited only a slight change. The temperature in the cen~re of 
the glass cylinder is kept below 100°C in the final repository -
vell below the 550°C which can be critical. The centre tempera­
ture is below 550°C during intermediate storage as well, even in 
the event that all ventilatio~ systems sr.ould fail • 

The fissi~n products in the fuel contain inactive molybdenum. In 
industrial glass manufacture, this molybdenum can give rise to 
the formation of a molybdate phase in the ~lass if the holding 
time at S00°C is long. This phase consists mainly of sodium mo­
lybdate but also contains strontium, lanthanum and perhaps some 
cesium and americium. The molybdate phase is soluble in water. 
Under the most unfavourable conditions, 0.5% of the glass could 
consist of molybdate phase. This phase can contain some quanti­
ties of strontium and cesium. A low fission products content 
r.~unteracts the formation of molybdate phase. 

Resistance of borosilicate glass ~ radiation 

The effects of radi~tion on borosilicate glass have been studied 
using high doses of beta radi~tion corresponding to 1.2 • 10-11 
rad. Storage for 1 000 years leads to a total dose of 2.~ • lO-ll 
rad. The results of tests o£ irradiated samples show 

no energy accumulation (Wigner effect), 
no change of leaching rate, 
no change of structure. 

The greatest risk with radiation comes from alpha ra,:'.ation (he­
lium particles). In order to study this risk, alphaemitting ac­
tinides (americiu~241, plutonium-238, curium-244) were added to 
glass in such great quantities that a dose corresponding to that 
which is obtained over 1 000 years for high-level glass was ob­
tained in 1-2 years. This type of accelerated experiment entails 
a more severe test than a lower dose rate over a longer period of 
time. This is due to the fact that the helium atoms have less 
opportunity ~o diffuse out of tho glass and that the glass struc­
ture is forced to adjust more rapidly to containing a certain 
quantity of helium. This type of experiment ·has shown that there 
is little changa in the mechanical properties of the glass. As a 
comparison, thare are natural vulcanic glasses which contain as 
much as 200 mm3 gas per gr.1:~~ glass without becoming brittle. 
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6.1 

INTERMEDIATE STORAGE AND ENCAPSULATION 

.. _ - --·-- ·r·.. .....,s-.~.... ·-·-· 1..__ .............. H ,.~ -H R . H lltiWih ..... ~E--......... : 

!~... __________ ........~ ... L 

GENERAL 

An intermediate storage facility and an encapsulation station for 
the waste cylinder:t from the reprocessing plant are constructed 
adjacent to the final repository. Possibilities for alternative 
siting of these facilities are discussed in chapter 1:11. 

The main purpose of intermediate storage is to reduce the heat 
flux from the waste and thereby simplify final storage. An inter­
mediate storage period of 30 ye:1rs is foteseer.. during wh:Lch time 
heat generation decreases to approximately or.ehalf. Howevl!r, this 
storage period can be extended, the onl1 limitation being how 
long supervised storage is considered to be desirable r .• ld accept­
able. 

The time during which the waste is kep~ in intermediate storage 
can be used for further development and optimization of the en­
capsulation orocedure and the design of the final repository. 

The pu•.pot.'! of ti.:: encapsulation following intermediate storage 
is to encln;e the vitri£ied waste in a corrosionresistant and 
tight canister prior to deposition in the final repository. The 
vitrified waste cannot be leached out unless the encapsulation 
material has first been penetrated due to corrosion caused by the 
groundwater. The canister also serves as a radiation shidd which 
reduces radiolysis of the groundwater to a level which is neglig­
ible from the viewpoint of corrosion and simplifies handling of 
the waste cylinders. 

J 
The plant has a storage capacit7 of 6 000 wastP. cylinders and can 
receive and encapsulate 300 cylinders per year. 

For a more detailed description of the intermediate storage faci­
lity and ·:he encapsulation procedure, see chapter. 1II:5 with 
appurtena.•· drawings. 

6.2 DESCRIPTION OF FACILITY 

Most of the plant will be located underground with a rock cover 
abour. 30 metres thick in order to provide protection against ex­
ternal forces such as acts of war and sabotage. The only surface 
Zacilities will ~e an entrance building with administration and 
service quarters and ventilation inlets and outlets (sea fig. 
6-1). 
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The various stages involved in the handling of the waste cy­
linders in the plant are illustrated in figure 6-2. 

5l 

Taae waste cylinders arrive at the plant in a special transport 
cask on a trailer (see I:9) through an access tunnel. In the re­
ception section of the plant, the waste cylinders are.unloaded 
from the transport cask to the unloading cell. If the waste cy­
linders are found to he damaged or contaminated, they are provid­
ed with a new outer container in a recanning cell. The waste cy­
linders which are stored in the intermediate storage facility are 
therefore not radioacti\~ly con~andnated on the outside. 

From the unloading cell, the waste cylinders are transfe&r•d in­
side a radiation-shielding transfer cask, to the intermediate 
storage where they are placed in steel pits in concrete trenches 
covered by .a concrete slab. Each r.rench contains 150 steel pits, 
each with room for 10 waste cylinders stacked one on top of the 
other - for a total of 1 500 per trench. The facility has four 
trenches in two groups with a total capacity of 6 000 waste cy­
linders. 

In order to dissipate the heat emitted by the waste, air is cir­
culated through the storage pits by means of a ventilation system 
with ample reserve capacity. But even in the e·tent of o total 
failure of all. fans, natural aL convection will pr'lvide suffi-. 
dent cooling to keep the temperature of the wast.a glass well 
below the critical level above which the glass may crystallize. 
Since the waste cylinders 41~ clean externally, the ventilation 
air which is released to the atmosphere via a ventilation shaft 
and a chimney is not contaminated. The ventilation syst~m can 
nevertheless be provided with filters and equipment for radioac­
tivity measurement as an extra safeguard. 

The concrete slab over the storage trenches is sufficiently 
thick, and the holes in the slab above the steel pits are sealed 
in such a mannP.r, thRt sufficient radiation shielding is provided 
for the hall above the storage facility. Furthermore, the air 
pressure in the hall is maintained at a higher level than that in 
the trenches, so air from the trenches cannot enter the hall. 

At the end of the intermediate storage period, the waste cy­
linders are transferred in the radiation-shielding transfer cask 
to the encapsulation part of the plant. There they are placed in 
an encapsulation cell, where they are enclosed in a lead-titanium 
canister (see fig. 6-3). After quality control, the encapsulated 
waste is transferred to the final repository. 

6.3 PROPERTIES OF ENCAPSULATION MATERIAL 

In the final repository, the waste canisters are subjected to the 
action of the groundwater in the rock. It is therefore imperative 
that the waste glass be prot~cted against leaching during the pe­
riod when the waste is highly hazardous (toxic, see fig. 6-4). 
Protection against leaching is obtained by enclosing the waste 
glass in a corrosion-resistant canister. 

The chromium-nickel steel container in which the vitrified waste 
is delivered from the reprocessing plant is not accredited with 
any protective life of its own~ Instead, the real protection is 
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afforded by a canister made of l~ad and titanium, both of which 
materials poscess good resistance to corrosion. The lead also 
serves as a radiation shield which reduces the radiation level 
and the radiolysis of the groundwater to a level which is 
negligible from the viewpoint of corrosion. 

The corrosion resistance of the titanium casing derives entirely 
from the creation of a protective passivating layer. Under pre­
vailing conditions, this rassivating layer is self-healing when 
damaged. As long as this layer is intact, general corrosion of 
the material is extremely slow. Under the environmental con• 
ditions which are expected to prevail around the canisters in the 
final repository, local corrosion of titanium has not been ob­
served at all. The titanium casing can be expected to remain in­
tact for a very long period of time. 

As far as the lead is concerned, general corrosion can be disre­
garded, since the lead is protected by the titanium casing. If 
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the titaniu. is penetrated, however, some pitting corrosion may 
be expected on the exposed· surface. The· quantity of lead which 
can then go into solution is estimated to be slightly more than 2 
kg over a period of 1 0~ years. The attack will penetrate down 
into the lead at a diminishing rate. It is tentatively estimated 
th~t pitting will penetrate the lead lining at the ~arliest about 
500 years after the titanium ca~ing has been penetrated. but this 
figure is probably grossly Ufiderestimated. 

The Swedish Corrosion Research Institute and its reference group 
of specialists within the fielJ of cor~osion and materials was 
commissioned by KBS to examine the corrosion resistance of the 
proposed encapsulation materials. In a status report dated 27 
Septemller 1977, which is reproduced in KBS Technical Re.,ort No. 
31, the life of the canister is estimated by some members to be 
at least 1 000 years and by others to be at least 500 years. How­
ever, a final assessment ~ill not be forthcoming until the re­
sults of current in-depth studies are available. 

In one of the supplementary statements suumitted by the members 
of the reference group, it is daimed that the estimates given in 
the stat•Js report. are conservative and represent a lower limit 
for the durability of the encapsulation material. It is further­
more submit~ed that on the basis of eAisting knowledge, it is 
highly probable that turther study will reveal a considerably 
longer life for the encapsulation material. KBS shares this 
opinion. See also III:5.3. 

6.4 OPERATION OF FACILITY 

Operation of the reception section a11d the .:ncapsulation section 
is ba1.ed on remote-controlled handling in closed cells. The ope­
rating nersonnel, whose main function is one of surveillance, are 
protected against radiation by thic~ concrete walls and radia­
tion~shielding windows. If necessary, the equipment ;an be moved 
from r.he cells to prepared areas where it can be repaired and 
maintained. This techno'o;y hus been proven and has been used for 
many years in a similar storage facility in Marcoule in France. 

The plant and its operation wilt be under the supervision of the 
Swedish Nuclear Power Inspectorate and the National Institute of 
Radiation Protection in the same manner as a nuclear power sta­
tion. The plant will he designed in compliance with the regula­
tions which these duthorities and the occupational safety autho­
rities issue, following consu'itatic-n with conr:erned peroorinel or­
ganisations. With regard to working environment and safety, see 
chapter I: 10. 

When the facilities for intermediate storage and encapsulation 
have served out their useful lives. decommissioning will be 
facilitated by their emplace~Rnt in rock. Decommissioni~~ proce­
dures are basically the same as those described for the cP.ntral 
storage facility for spent fuel in section I:4.2.4. 
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GEOLOGY 

GENERAL 

The feasibility of safe terminal storage and disposal of high­
level waste in geologi~al formations has been under consideration 
for some time in various countries.· Since it has generally been 
assumed that the waste is to be finally disposed of in the 
country where it is produced, different types of formations have 
come under consideration: salt, clays, shales, cryAtalline rock -
depending upon the occurrence of these formations in different 
countries. In Sweden, interest has been concentr~ted on precamb­
rian crystalline rock formations (granite, gneiss). 

KBS has concluded an agreement with the Geological Survey of 
Sweden (SGU) concerning the execution of a comprehensive pro­
gramme of geological field studies and theoretical investiga­
tions. The programme entails the drilling of 10 boreholes to a 

· derth of about 500 metres, examination of cores and boreholes, 
water injection tests, groundwater analyses, hydrological tracer 
tests in crystalline rock and theoretical studies of groundwater 
movement. 

Parallel to and in connec~ion with SGL~' s investigations, various 
resea~chers have, under commission from KBS, carried out studies 
and surveys of the properties of the bedr~ek and potential move­
ments in the bedrock in differ~nt parts of the country, patterns 
of wcvement and composition of the groundwater and various re­
tardation eff~cts on dissolved material as the groundwater pa•ses 
through the buffer material and cracks in the rock. 

An experimental station whe~e observations and experiments can be 
carried out in a granite massif at a depth of 360 metres has been 
established in the Stripa mine. 

Hatters concerning geology and rock mechanics have been dealt 
with by an advisory group of experts. 

On two occasions (in February and October of 1977), matters of 
importance for a final repository in the precambrian bedrock of 
Sweden have been discussed at special conferences attended by 
many of Sweden's geological experts. 

A more detailed report on the ~eological surveys and the results 
obtained f.·-"11 them is provided in volume 11. 
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7.3 

7.3.1 

OBJECTIVE 

The geol~gical study programme carried out by SCU for KBS was 
aimed at elucidating the bedrock and groundwater conditions which 
are determinant for the long-term safety of a storage facility in 
the crystalline basement rock of Sweden. The studies span a 
number of different disciplines. The bedrock at the site which is 
finally chosen must consist of A suitable type of rock of suffi­
cient extent both horisontally and vertically. The occurrence of 
discontinuities and fracture zones ':an affect the design and 
safety of the rock repository. As regards the groundwater, in• 
formation is required on its chemical composition, how much water 
can cvme into contact with the waste and for how long a time the 
water resides in the bedrock. It is also important to elucidate 
where the groundwater froM a repository approaches the surface of 
the ground and how much it is diluted on its way to lhe surface, 
as well as how well the bedrock is able to retard and retain 
certain waste su~stances if they should escape into the ground­
water. 

Field studies havP. been conducted at five sites, three of which 
have been selected for further study. It should be emphasized 
that the present work was not aimed at finding a suitable site to 
be proposed for the location of a future rock repository at this 
point in time. 

TI-.e geological surveys comprise a part of the work aimed at 
satisfying the requirement of the Conditions Act to demonstrate 
where an absolutely safe final storage of high-level waste can be 
effected. The selected areas are examples of sites where a final 
repository might possibly be located and wher~ the natural con­
ditions have been studied both from the surf3ce and in depth. The 
st~died areas contain our most common types of rock which are 
highly unlikely to be of interest for mining - namely gneiss, 
gneiss-granite and granite - and are each representative of many 
other parts of southeastern Sweden. Areas with less cotillion types 
of rock which might offer special local advantages h.tve not been 
studied. 

STUDY AREAS AND RESULTS 

The locations of the studied ~reas and of the experimental sta­
tion in Stripa are shown in fig. 7-1. Studsvik, where certain 
field experiments were conducted, io also shown. 

Karlshamn .!!!!. 

The studies in the Karlshamn area were conducted on the grounds 
of the ltarlshaum oil-fired power plant. Of the different study 
areas, this is geologically the best-known. It is situated in a 
district of Sweden where the regional interrelationships between 
bedrock structures and groundwater conditions have been subjected 
to more scrutiny than anywhere el3e, and it is the only one of 
the KBS study areas where data is also available from existing 
rock caverns. 

The study area is composed of a grey gneiss - Hlekinge coastal 
gneiss. It contains few joints and little groundwater. Moreover, 
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, 
Fr,un 7·1. M11p of study sitn Tnt driUifi6S dowtt . 
to 11 depth of 11bout 500 m ~ b«rr urrdRtllkm 
at K11rlshttmn (Stemd }, north of Oslctmlrllmn 
( Knlkmullllllnd .. .rvro J 11rrd Forsmmc ( FinnsiO Lllk' 
arrd Forsmark}. 17re KBS experimental stlltion is 
located in the Striptl mini!. Field experiments~ 
also b«1r conducted at Sllldsvik. 

the directions of the fractures vary and do not exhibit any pro­
nounced main orientation. These facts are r~flected in the sta­
tistics on the existing oil storage caverns in the gneiss. Re­
ported data on water inflow into the rock caverns, which total 
over 700 000 m3, exhibit low values. The need for reinforcement 
following blasting has been remarkably low. The seepage data can 
be used to calculate the water permeaoility of the sur~ounding 
rock, which is expressed in m/s. Values of around 10-9 m/s are 
found, which is lower than normal for rock caverns at a depth of 
Jo-50 m. 

A core drilling within the area to a depth of 500 m shows good 
rock conditions at greater depths as well. These conditions stem 
from the fact that the gneiss, ever since its plastic folding 
more than 1 300 million years ago, has reacted as a rigid and 
highly resistant body in relation to the surroundin; rock. 

A special study in the area showed that displacements along ex­
isting fissures ha\•e been small for a very long period of time. 
The average rate of displacement is below 0.02 mm per million 
year3, Existing cracks are largely mineral-filled. A fracture 
zone filled with swelling clay minerals was found north of the 
study area. No substantial shattered zones were found. 

If the permeability of the rock and the slope of the free ground­
~~ter table is known, it is possible to calculate how much water 
fl~·s through a given cross-section of the rock within a certain 
period of time. Due to the large differences in elevation in the 
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7. 3. 2 

7. 3.3 

terrain in the Karlshamn area, the slope of the groundwater table 
is fairly steep, approximately 1:20. From the obtained data, the 
groundwater flow at a depth of 500 m can be calculated to be 
about 0.2 litres per~ and year. A level area with a similar 
bedrock would exhibit even lower flows. 

Finnsj8 ..!.!!.! 

n,e Finnsj8 area is located 16 km west-southwest of the Forsmark 
nuclear power plant in northern Uppland. Geological and geophy­
sical surveys have been conducted here. Rock conditions have been 
studied in depth in three core boreholes - one vertical to 500 m 
and two at inclinations of 50° to between 500 and 550 m vertical 
depth. The area is composed of older granite, which is a rela­
tively uniform,veakly gneissified granodiorite rock. It is rather 
heavily fractured internally. But the cracks are mostly irregu­
lar, of varying direction, and largely filled with minerals. 
Small amounts of swelling clay minerals are found locally. On the 
east, the area is bounded by a fault which borders on an approx­
imately 300 m wide belt with stronger fracturing. The central 
parts of the area, on the other hand, are distinguished by large 
blocks of little fractured bedrock with surface areas of up to 
100 000 ml. Between these blocks are fracture zones, some of 
which are filled with crushed material. The cores from the bore­
holes revc3l s~ctions of several hundred metres with permeabili­
ties below 10-9 m/s, interrupted by a few zones with higher 
values. From the obtained data, the groundwater flow in large 
sections of rock dt a depth of 500 metres can be calculated to 
about 0.1 litres per m2 and year or less. Fracture zones with 
heavier flows are also found. Rock mechanics tests on drill ~ores 
show very good strength. The Finnsjo area represents a common 
type o( bedrock in the Swedish crystalline basement rock and has 
been chosen as a reference area for some of KBS's studies. 

Kr1kemUa are;~ 

The Krakem!la area is iocatec 7.5 km north-northwest of the Os­
karshamn nuclear power plant at Simpevarp, between the Baltic Sea 
and Gotemaren Lake. Geological and geophysical surveys have been 
conducted here. Three core boreholes have been drilled, two ver­
tial ones to 500 and 600 m, respectively, and one with a 50° in­
clination to a vertical depth of 570 m. The area is composed of a 
very uniform, undeformed granite, the GOtemar granite. It is 
characterized to a large extent by a sparse but regular network 
of perpendicular, straight and long fissures. The walls of the 
fissures are lined with the minerals in the granite and with 
chlorite and calcite. Pyrite also occurs in the fissures, s~e­
times abundantly, as does fluorspar. Smectite, a swelling clay 
mineral with a good capacity to retard certain waste substances, 
occurs in small quantities. Drill cores from Kdkem1la exhibit 
considerably lower strength than those from Finnsjon. 

In the boreholes, at a depth of between 300 and 500 metres, long 
sections are found with a water permeability of less than lo-9 
m/s. However, these are surrounded by zones of higher water !'•r­
meability and ·.o~ater content. The groundwater flow in the IIIC".re im­
pervious sections is estimated to be about 0.15 litres per m2 and 
year or less. Considerably higher flows are found in fracture 
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zones. which is why ro~k wells in this granite often yield so 
mu~h water. 

Other areas ------
The two other areas where drillings were made are Xvrii, just 
north of Simpevarp, and Forsmark, approximately 3.5 km ~st of 
the Forsmark power station. After introdu~tory studies, both of 
these areas were judged to have less favourable ro~k conditions 
than the three preceding,areas, so the studies were discontinued. 

7.4 GROUNDWATER CONDITIONS 

7.4.1 

7.4.2 

Groundwater ~ 

Flows of 0.1-0.2 litres per m2 and year have be•n calculated for 
the three study areas on the basis of model scudie8 calculated on 
the basis of potential field theory and available permeability 
data obtained from rock cave·ms at shallow depth and from direct 
measurements in boreholes. The borehole equipment did not permit 
dete~ination of permeabilities below 10-9 m/s. In the Stripa 
mine, however, values down to to-ll m/s have been measured in · 
granite. For these reasons, the actual flows should be consider­
ably less than the specified figures of 0.1-0.2 litres per m2 and 
year. Thus, ~f nuclear waste is stored in any of the study areas, 
the low water flow rate can be expected to minimize both CQrro­
sion and leaching of the waste glass. However, time has not 
permitted the detail~d studies required to verify these factors 
(see IV:6.2.2 and ~.3.10). 

If the groundwater flow i~ known, it is possi~le to calculate how 
much the dissolved substances from the waste will be diluted on 
their way towards a recipient. For example, the substances re­
leased from a final repository at a depth of 500 m within the 
Finnsjo area during one year would be diluted in at l@ast 500 000 
m3 of water in the fault which borders the area on the east. The 
portion of the dissolved substances which reached Finnsjon would 
be diluted in a water volume approximately 50 times greater, 

.!!!!, pattern of groundwater ~ 

The flow of the groundwater is determined by the precipitation 
and terrain features in the area as well as the nature of the 
ground and the bedrock. Computer programs have been developed 
which can be used to calculate the flow pattern for vertical 
sections through an area, Among the assumptions which must be 
made are that slopes run perpendicular to the plane of the sec­
tion and for a large distance in this .direction and that the 
permeability of the bedrock is constant or changes with rlepth in 
a regular manner. By varying the conditions it is possible to 
shed light upon the flow paths in a given area despite these 
limitations. This has been done by means of mathematical models 
which illustrate a few simple typical case~ as well as models 
adapted to the conditions existing in the Finnsjo area. 

The results show that, as expected, the groundwater flows down-
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ward into the bedrock in elevated areas, after which it turns and 
flows upward again towards large adjoining valley floo~s, wheTe 
it can reach the surface at points of groundwater inflow into 
lakes, waterways and springs. The influence of terrain features 
often extends down to a depth of several thousand metres. The 
longer the slopes are, the deeper their :influence reaches. The 
surface areas where growtdwater from great depths issues are 
small, and the upflow is accompanied by a very heavy dilution of 
the groundwater by water from higher .levels. 

One consequence of these general conditions is that the ground­
water movements in an area lacking extensive, flat aquifers are 
divided into smaller flow cells and that growtdwater transport is 
predominantly of a ]Jcal character. 

This effect is rai~forced when the valleys follow steep fracture 
zones in the bedrock, where the vertical permeability is high. 
Models ·of the Finnsj5 area show that the flow there is directed 
towards Finnsjo LakP. and towards the fault valley in the east. 

The calculations have been extended to include the upflow over a 
rock repository which is caused by the heat generation of the 
waste at the start of the storage period. In agreement with 
earlier American estimates, it was found that this heating leads 
only to an insignificant pertubation of the prevailing flow 
pattern in the vicinity of the final repository. The effect of 
drainage of the rock formaticn around the final repository during 
the construction and deposition period has also been investigat­
ed. 

Groundwater age 

The time Juring which the groundwater resides in the bedr~ck is 
of importance in view of the natural decay of the radioactive 
substances and their retardation and retention by the rock. In 
the same rock volume, the residence time for the water is least 
in the larger, water-bearing fracture zones. In the intervening 
bedrock blocks with low penneability, the residence time is many 
times greater. 

Age determinations of water samples were carried out using the 
carbon 14 method, which tells how much time has passed since the 
water seeped down through the surface layers of the ground. Four 
water samples from the boreholes ial Krakemala have been studied 
thus far. Ages of between 4 300 and 11 0~0 years have been found­
ed. 

The uncertainty inherent in these determinations is only ~100 
years. Greater uncertainty in the age determinations is associat­
ed with the sampling and drilling procedure•. During drilling, 
surface water was used for flushing, and heavy drainage pumping 
was carried out prior to sampling. Disturbances which lead to age 
underestimations may therefore have occurred. It appears most 
likely that the differences in age between the samples reflect 
differences in the permeability of the surrounding sections of 
rock. 

Similar age data vere previously obtained fram a deep well in 
bedrock in Finland and a tunnel at a depth of about 300 metres at 
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Storjuktan, Sweden. With the support of such age data, the re­
sidence time of the groundwater at the depths in question can be 
estimated to be more than 10 000 years. When this figure is used 
as a basis for estimating the transit time of the water from a 
final repository to the biosphere, it is necessary to take into 
consideration the location of the repository and local topo­
graphical a:1d hydrolo~ical features, which are dealt with in 
greater detail in vol~ II. 

Groundw~ chemistry 

The chemical composition of the groundwater is of importance for 
the lifetime of the canisters in which the waste is enclosed. Re­
tardation effects in the buffer mass and in cracks in the roc~ 
can also be affected by the composition of the groundwater. The 
level of chlorides and dissolved oxygen in thQ groundwater is of 
particular importance. 

An evaluation of data from KBS and other' studies shows that 
chloride cot ;entrations of mote than 300 mg/1 have been found in 
groundwater only in rare cases. The occurrence of fossile ground­
water in some areas might give rise to higher values. For this 
reason, analysis of the local groundwater chemistry constitutes 
an important part of the preliminary studies which precede'the 
final choice of a site. 

Both the known occurrence of bivalent iron in the groundwater and 
direct analyses have shown that groundwater at great depths can 
only contain extremely small quantities of dissolved oxygen, 
normally below the level which can be determined by standard ana­
lytical methoda. 

The pH values which have been measured in groundwater are only 
rarely less than of 7.2 or greater than 8.5. The proposed buffer 
material of quartz sand and bentonite (see chapter lll:6) should 
stabilize the pH value to between 8 and 9. The buffe.r :naterial 
does not ~ffect the level of chlorides and dissolved oxygen in 
the groundwater. 

7.5 RETARDAT10N GF WASTE SUBSTANCES 

7.5.1 Retardation effects 

Laboratory studies of buffer material and samples from the 
Swedish bedrock as well as field studies have been conducted in 
order to investigate the retard.ation of the radioactive waste 
substances in the bedrock. The measurements show, in agreement 
with the large body of data in the literature, that all of these 
substances, with the exception of iodine and technetiu., are re­
:ardcd to different degrees in relation to the movement of the 
groundwater. 

Retardation factors have been calculated under the assumption 
that the groundwater moves in smooth-walled, plane-parallel, 
continuous cracks. Retardation f<'ctors calculated in this manner 
a:e in good agreement with results from field tests conducted in 
fractured rock at Studsvik. 
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The field test at Studsvik wer~ conducted at a depth of 70 metres 
in fractured rock of high ~ater ccntent and permeabilities around 
1o-6·m/s. In an initial test series, the transit time for certain 
nuclides in the unconditioned rock was measured and compared with 
the transit time of the groundwater along the same flow path. The 
same rock section was tran sealed by means of injection with 
bentonite, which is a natural material many millions of years old 
consisting primarily of smectite minerals. Smectite occurs fre­
quently· as natural crack filler in the s~edish bedrock and has 
al~o been found at Krakemala and Karlshamn. It is in chemical 
equilibrium with the groundwater and the other minerals in the 
bed~ock. After this grouting, the measur.ements were repeated and 
g..-e still in progress. Among other things, it has been found 
that, strontium added to the ~ater has not, after 4 months, 
arrived at the metering point located SO metres from the borehole 
~here it was injected. 

Retardation effects are discussed in greater detail in section 
I:l3.4.2. 

Retention of ~ ~bstances ·· 

During their residence time in the bedrock, the elements stronti­
um-90, cesium-137 and americium-241 and·-243 decay completely. 
Other elements participate in chemical reactions so that they are 
retained or retarded in the rock. Such a fixation of cesium has 
been demonstrated in laboratory experiments. Other experimental 
studies have shown that hydrogen sulphide or mi~erals containing 
bivaltmt iron can precipitate insoluble uranium dioxide from so­
lutions of carbonate complexes of hexav~lent uranium by means of 
reduction at room temperature. Theoretically, the same should 
occur ~ith plutonium, neptunium and other transuranic elements. 

The same reactions occur in nature. There are examples of large 
uranium ore deposits which have been formed by prec1p1tation in 
this manner. In s~eden, uranium dioxide occurs as fissure filler 
in the crystalline basement .rock in such areas as northern Upp­
land and at Pleutajokk in Norrbotten County. In both of these 
cases, the mineral has been retained in the rock for more than 
1 500 million years. It has also been shown that naturally .fortlll!d 
transuranium nuclides in the Oklo uranium field in Gabon have not 
been dissolved by the groundwater. 

ROCK MOVEMENTS 

A number of studies have been carried out in order to establish 
~hether the .safety of a rock repository cr.n significantly de­
teriorate during the long storagOJ peri.Jd due to ne~ fracturing 
and m~vements in the bedrock. A bt5~~ survey has been made of 
recent fault movet1ents throughout the country, ~hereby it ~as 
found that these fault movements follo~ older fault zones to a 
great extent. This agrees with the results of a theoretical study 
of the process of deformation in fractured rock. It shows that 
even large deformational movements are distributed over existing 
cracks in a granitic rock of normal fracture content ~ithout th.e 
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creation of new cracks or any ~adical changes in individual 
cracks. By locating the final n:pository in an area without any 
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·major fault lines and by avoidittg ,..mplacing waste canisters in 
existing shear zones, canister ciamages resulting from rock move­
:!lents ca.1 be avoided. It haa abo been found that only insignifi• 
can~ movement has taken ~l~c• along fi~sures in southeastern 
Sweder, over the past 5 70 111i 1 tion y@ars, even during the large­
scale deformations wich l·:d co lhe formation of the Caledonian 
mountain range. The current period in European geological histo·.·v 
is characterized, as far as we know, by declining deformation. 1t 
can therefore saf~ly be assumed that rates of dialocation during 
the required period of waste isolation will remain belaw the mean 
rates which ha~e been determined in the KBS study and which are 
ir.significant fro.u a practical point of view. 

Rock ::~tresses 

According to some measuremP.nts, the nearly horisontal shear 
stress in the Swedish bedrock rock is close to the strength limit 
of the rock just below the surface. Other studies give lower 
values. If the strength of the rock were exceeded, fracturing 
would occur. However, the shear strength of the rock increas~s 
with depth due to the increase in pressure. In fact, the risk of 
shear fractures decreases rapidly with increasing depth, since 
the shear stress at greater depths is probably much the same. 
Special calculations show that the changes in the rnck induced by 
blasting and the estimated increase in temperature are very local 
and that the risk that new groundwater flow paths will be created 
as a result of the formation of new fractures is negligible. 

Effect!:! ~ ~ future ice ~ 

Fracture formation in connection with the current land elevation 
and bedrock movements during a future ice age .can be assessed on 
the basis of the present distribution of cracks in the bedrock. 
Permeability values from drill cores show that the fracturing is 
largely restricted to the top 100 or 200 metres of the bedrock, 
while deeper portions still possess good integrity after 10 to 20 
Quaternary glaciations. One more ice· age is not eJq~ected to alter 
the situation. 

Tidal effects 

A special study of the gravitional effects of the ~un and the 
moon on the Swedish bedrock and other influ~nces which affect the 
groundwater in the bedrock has been conducted. No detrimental 
effects for a rock repository have been identified. 

Earthquakes 

A reviev has been made o£ the statistics on earthquakes in Sweden 
through 1975 and of certain studies concerning earthquake-caused 
ground accelerations. Tile analysis shows that southeastern Swed~n 
has a very low frequency of earthquakes and tha~ the ground acce­
lerations which can be expected will n~t cause d~ge to the re­
pository or to the waste canisters. 
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7.7 SUMMARY EVALUATION 

The above information, together with the safety analysis, pro­
vides the necessary basis for an evaluation of the three study 
areas of Karlshamn, Finnsjan and Kr1kem1la. It shows that these 
areas fulfil the basic requirements for :t safe rock repository 
for high-level waste, provided that the design of the facility 
takes into account the geometry of the low-permeable rock forma­
ticns. · 

On the basis of ·existing knowledge, the coastal gneiss region of 
. Blekinge is frC",m a geological point of view, the most attractive 
area for a final repository. 

The gneissified granitoid ~==k at Finnsjon also appears to offer 
large volumes of low permeability. However, existing internal 
fractures and crush zones may entail certain technical problems 
of the type which are normally encountered in tunnelling and rock 
cavern excavation. Comuared with the Blekinge coastal gneiss, 
this type o.f rock permits greater freedom of choice in the lo­
cation of a future rock repository, since similar rock '~onditions 
are found throughout large parts of southeastern Sweden. 

The GOtemar granite at Kr1kem1la exhibits, despite sections of 
low permeability, a number of features which may require more ex­
tensive reinforcement and' grout~ng during the construction phase. 
These features include lower strength, a regular fract~re system 
with extensive horizontal fracture surfaces and high local 
groundwater flows. 

l'he three study areas can be clearly arranged in order of priori­
ty: the Blekinge gneiss, the gn~issified granodiorite in the 
Finnsjo area and the undeformed stocklike granite in the Krakeml­
la area. This con~·irms previous experiences regarding the struc­
tural and water-bf,aring charactet·istics of these types of rocks. 
Against this background, other gneiss areas besides the one in 
Blekinge may be of interest. 
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8.1 GENERAL 

The encapsulated waste will be sent to the final repository for 
final disposal. 

The final repository is situated in rock underneath the facility 
fo·~ intermediate storage and encapsulation at a dapth of approxi­
mately 500 metres below the surface. 

Whereas the waste in the intennediate storage facility is stored 
under dry conditions, requiring surveillance of e.g. the drainage 
system, the final repository is designed to be sealed and finally 
abandoned. The encapsulated waste will therefore be exposed to 
the action of the groundwater. 

As mentioned in chapter 1:5, the leaching rate for the vitrified 
waste is very low. In the encapsulation station, the waste 
cylinders are provided with a lead-titanium canister with 
high resistance to corrosion (chapter 1:6). Finally, the storage 
holes, tunnels and shafts in the final repositorv will be back­
filled with a buffer material of quartz sand and. bentonite with 
low pe=meability and ionexchanging properties. Bentonite is a na­
turally occurring clay material. 

Thus, vitrification and encapsulation of the waste, the butfer 
material and the rock constitute four barriers which prevent ~r 
greatly retard the migration of radioactive elements via the 
groundwater to the biosphere. 

The final repository has been designed for a total capacity of 
9 000 canisters and a deposition rate of 300 canisters per year. 

For a more detailed description of the final t~pository, see 
chapter IIl:6 with appurtenant drawings. 

8.1 DESCRIPTION OF FINAL REPOSITORY 

The final repository consists primarily of a system of parallel 
storage tunnels located approximately 500 metre~ below the sur­
face, with appurtenant trans,ort and service tunnels and shafts 
(see fig. 8-1). Th~ final repository covers an area of approxi­
mately 1 square kilometre. The geometric layout of the tunnel 
system will be adapted to the geological conditions orevailing on 
the selecte~ site. Vertical holes drilled in the floor of the 

• 

• 

• 

• 

• 

• 

I 

_j • 



-· 
70 

1 Meir.-'t 
2 Sl<ip-'t 
3 v....umon lllllh 
4 Hoia-..tttar·,-unilww 

-5 R~-~--6 ,,.,.,.,...._..,. '-:illty 
7 FiNII"'IICCIharY 

rlffll'l ~I. hr!p«tiN drrtwmg offittlli 1'q105itoty witlr plant for intnmaiitlt~ stuntp and 
mt:«psultlliOIL 17H! /iltlll1q10sitory romis/$ of 11 Jystmr of ptUIIII« UOifiP turureh sitll4tf!li 500"' 
INlow t~ w.tfoce. 

storage tunnels constitute the final storage compartments for the 
waste canisters. Tunnels and ~hafts will te excavated by means of 
conventional mining and construction ~~hods. 

The centre-to-centre distance between the storage tunnels (25 a) 
and between the storage holes (4 m) has been determined on the 
basis of rock mechanics considerations· an.d the effects of the 
heat released by the canisters (see fig. 8-2). The storage holes 
have a diamete~ of 1 m and a depth of 5 m. With the spacing se­
lected, the increase in the temperature of the rock vi lJ not ex­
ceed 40°C. Studies show that this increase will not give rise to 
new cracks o~ nev flow paths fo~ the. groundvate~ which eould 
affect the safety of the final storage. 

The various stages of the handling chain for encapsulated waste 
in the final repository 3re depic1ed in fig. 8-3. 

The canisters are transferred from the f.ncapsulation station to 
the final repository in a radiation-!'' ' . .<lded transfer cask !DOunt­
ed on a wagon which runs on rails and is dr~vn by an electric 
tractor. They are then taken down to the storage tunnels in an 
~levator which travels in a vertical shaft. The elevator is 
equipped with safety devices which virtually eliminate the possi­
bility of an accident. 

When the transfer cask reaches the level of the repository, it is 
taken from the elevator through the tunnel system and placed in 
position over the hole in which the canister is to be deposited. 
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CROSS-UCTION 

LONGITUDINAL SECTION 

Figun ~1. Cro~ser:tion and lo~tudirllll S«tion of stonrp tunMIS in tlw {utal npository. Eadt 
stonrp hole is dnigrred for oM canister. 

A mobile radiation shield at the top of the hole protects the 
personnel when tne canister is lowered into the hole. 

The canister is lowerf'!d into the hole onto a bed of sand/bento­
nite. The transfer cask and the mobile radiation shield are then 
removed and the hole is filled with sand/bentonite. The fill is 
compacted to give it good bearing capacity and low ~~rmeability. 
Finally, a lid is placed over the hole. The filler material p~o­
vides sufficient radiation shielding for the personnel working in 
the storage tunnels. The properties of the qu~rtz sand and ben­
tonite mixt•1re a-e described in section III: 6. 3. 

8.3 OPERATION OF Fll\ ..... REPOSITORY 

Deposition of the waste canisters begins when approximately one­
fourth of the storage tunnels have been completed. The facility 
has been designed for complete physical separation of the con­
struction work from the cnnister handling work. 

The handling syste~ for the canisters is similar to that .which is 
used in the intermediate storage faciiity and is based on known 
technology. The method of applying sand/bentonite fill is based 
on the robot spraying technique wich has been used for many 
years in tunneling work. 

The facility and its operation will be inspected and supervised 
by such authorities as the Nuclear Power Inspectorate and the 
National Institute of Radiation Protection in the same w~y as a 
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nuclear power station. It will be design~d in accordance with the 
regulations issued by these authorities and in consultation with 
concerned p~rsonnel organizations. With r~gard to working en­
vironment and oc~upational safety, see c~apter 1:10. 

PERMANENT CLOSURE 

Wh<m the final repository has been filled with canisters to de­
sign capacity, the facility can be kept open and inspected as 
l')ng as surveillanc•e and maintenance of·the drainage and ventila­
tion systems and ot1er essential auxiliary svstems are considered 
desirable. The facili•; can then be sealed and finally abando~ed. 

When it is sealed, the tunnel system is filled with a mixture of 
quartz sand and bentonite similar to that used to fill the holes 
around the canisters (see fig. 8-4). The lower part of this fi 11 
is carried out using conventional earthmoving and compacting 
methods and the upper part by sprayin!;. The application techniqut. 
and the swelling of the bentonite as it absorbs water ensure that 
the tunnel section will be filled completely. A mixtur~ of sand 
and bentonite is also used to fill vertical shafts. Boreholes 
which have been drilled to investigate the bedrock are filled 
'With pure bentonite. 

In this Yay, all cavities in the rock are filled 'With a material 
which is at least as impervious as the surrounding rock. In the 
storage hole, ti•.! fill matedal protects the canist~>r from minor 
movements in the surrounding rod. 

It is assumed that observations and measurements of the ground- · 
Yater system, rock stresses, temperatures etc. 'Will be performed 
for a certain period of time follo'Wing the closure of the final 
repository. A schedule for such activities 'Will be drawn up in 
cooperation ";lith the concerned authorities. 
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9 TRANSPORTATION SYSTEMS 

9.1 TRANSPORT CASKS, GENERAL 

Relevant portions of the IAEA's transport regulations shall be 
observed in connection with the transportation of spent nuclear 
fuel and other radioactive material (see chapter 1:12). 

Both the spent fuel and the vitrified high-level wa~te contain so 
much radioactivity that thev must be transported in containers 
which meet international requirements. The requirements which are 
applicable h~re are the LAEA regulations for TYPE B containers, 
which are described in greater detail in chapter III:2. 

Every planned transport must be preregistered with the Nuclear 
Power Inspectorate, including specification of identification da­
ta for the selected fuel elements and a preliminary timetable for 
the transport. Administrative routines for this work will be es­
tablished by the Nuclear Power Inspectorate before the transpor­
tation system is put into operation. Physical protection of the 
transports will also be arranged in accordance with the directiv­
es of the Nuclear Power Inspectorate. 

The European transport casks which are currently in use weigh be­
tween 30 and 70 metric tons and can transport between 1 3nd 2.5 
tons of nu~lear ~uel. They are of French, German or English de­
sign. These three countries are currently operating a joint com­
pany calle~ Nuclear Transport Limited (NTL) which more or less 
has ~ monopoly o~ the European market. 

Figure 9-1. shows one of NTL's transport casks which i!' used for 
the tran9portation of spent fuel from the Oskarshamn plant to the 
reprocessing plant in Windscale, England. 

During the period 1966-1977, some 700 metric tor.s of spent 
nuclear fuel have been transported from tight-water reactors to 
various European reproces~ing plants. In the beginning, only re­
latively low burn-up fuel was transported, while in rec~nt years 
transports have be~n carried out with high burn-up fuel (30 000 
MWd/t) after only 6-9 months of cooling time at the rPactor. 

Transport cas~s with a maxi~um weight of ~0 metric tons are norm­
ally carried on the public ri)ad network, while transport casl.-o; nf 
higher weight ate shi~ped by rail. The lran~portation of spent 
nuclear fuel from It.;ly, Spain, West Germ.1:ny, Holland and Sweden 
to the E~glish reproc~ssing plant at Windscale has been done by 
boat. 
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Figurr 9-1. T11liltr and tranSIJ()rt cask vutsidt of tht Oslauslllmm pll'"'· 11ris tqUipmtnt hils b«n 
used tv tl'llnsport sptn• fuel to tht luzrbour for furthtr shipmtnt to thr rrpmcttssing plmrt at 
Wind.ralt. 

The trend is towards larger transport casks. Transport casks are 
now being planned witn a weight of 100 tons and a capacity of 6 
tons of nuclear fuel. Such a transport. cask is expected to be in 
operation some time in 1978. 

9.2 DESIGN OF TRANSPORT CASK 

A transport cask consists of the following main components: 

An inner cask fitted with a neutron-absorbing substan.ce 
usually Md~e of a heat-conducting material. 
A heavy-duty gamma ray shield made of a heavy material such 
as lead or steel. 
A neutrnn shield to reduce neutron emission. 
Heat-dissipating flanges on the outside of the transport 
casks or an air-coo ling system. 
A shock ab9orber to protect the trar.3port cask's cover and 
its connections. 

A transport cask for spent fuel or for high-level waste must meet 
the safety requirement·; of tht! IAEA transpo·,·t regulations for 
TYPE B containers. This means that it must be able to withstand: 

A 9-metrP free fall onto a hard surface. 
Free fall from a height of 1 metre against a solid steel cy­
linder with a diameter of 15 em. 
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Heating fo~ 30 minutes to 800°C. 
Submersion in water to a d~pth of 15 metres. 

Furthermore, the transport cask must meet the requirements im­
posed on TYPE A containers according to the IAEA regula~ions. 

--
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DESIGN OF A SWEDISH TRANSPORTATION SYSTEM FOR SPENT NUCLEAR 
fUEL 

Preparator;• ~ 

In parallel with the conceptual study on the central fuel storage 
facility; SKBF is examining various alternatives for secu·i .g a 
reliable supply of transport resources within Sweden. 

Swedish transportation needs have been studied fo~ the period 
1976-1991. Annual discharges of fuel elements expressed in tons 
of uranium are reported in chapter I:2. These quantities are 
based on the six reactors now in operation and on contifiued 
expansion to thir~een reactors. ' 

In 1976, discussions were initiated with European and Amer; an 
organizations which work with the transportation of spent .. 1clear 
fuel for tht.• purpose of E-xamining the possibilities of pl ··c-uring 
transport caHks. 

Nuclear Transport Limited (NTL-Europe) cur-rently seems to be the 
leading ccmpany in this field. In recent years, ~7L has ~arried 
out hundreds of transports in Europe to such destinations as 
Windscale and La Hague. During 1978, NTL ... -i 11 put into use the 
largest transport cask ever available on the market - the NTL 12, 
which can transport up to 6 tons of nuclear fuel. A slightly 
smaller version called NTL 17 is in the design stage. It will be 
able to transport up to 3 tons of nuclear fuel. The NTL 11, which 
has already been put into operation, has the same capacity. The 
types of transport casks used by NTL are well-adapted to Swedish 
transportation requirements. 

The American Consultancy firm Nuclear Assurance Corporation (NAC) 
has designed four transport casks which go under the type de­
signation NAC-1 and are now in routine operati~n in the 
USA. NAC is currently designing a transport cask with a maximum 
capacity of 3 tons of nuclear fuel. This cask is equally well­
adapted to Swedish requirements. 

SKBF is currently awaiting further developme.tts on the transporta• 
tion market. One of the reasons for this is that COGEMA annvunced 
in July of 1977 that they plan to enter the nuclear fuel trans­
portation field. It is important that any transportations !lystem 
which is adopted b~ compatible with any exi~ting standard Eur~­
·pean system. 

ScopP- ~! transports 

Differ~nt alternatives have been studied in calculating the annu­
al transport volume to the central storage facility. The required 
number of transport casks and the annual number of ship.nents by 
sea will depend on the following factors: 
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9.3.3 

I 

Numbe~ of reactors in oper3tion. 
Location of the central storage facility for spent nuclear 
fuel. 
Reception capacity of the central storage facility for spent 
nuclear fuel. 

The annual discharge volume in the equilibrium state 1lfter ex­
pansion to 13 reactors will be approxir.~ately 1 400 fuel elements 
per year, corresponding to approximately 300 tons of uranium per 
year. A transport cask such as NTLll, NTL17 or the equivalent can 
transport max. 3 tons of nuclear fuel. When a state of equilibri­
um i10.S been attained, i.e. after the fuel accumulated at the 
nuclear power plants has been transferred to the central storage 
facility, the number of casks to b~ transported each year will be 
approximately 100. 6-8 casks are required for this volume. 

Transportation ~ !!! 

It is assumed that it will be possible to transport spent nuclear 
fuel to the central storage facility by sea. The construction of 
a ship especially adapted for that purpose is consiuered economi­
cally justifiable. 

A suitable size for such a ship is approximately 1 000 tons dwt, 
Such a ship can take up to 8 transport casks of the foreseen 
size, e.g. NTLll or 17, at a time. Avaiable Swedish tonnage in 
this size class is very limited. Moreover, it'is difficult to 
adapt existing ships to the requirements which must be met by a 
ship whir.h is used regularly for the transportation of spent 
nuclear fuel. Existing ships could be chartered for occasional 
transports, but ~ince fuel will be transported throughout most of 
the year, this alternative would be uneconomical in the long run. 

The transport vessel must be equipped with particularly effective 
steering and mooring equipment. Its draught will be limited to 3-
4 111, which means that existing channels and harbours can be used. 
The ship will be designed either for conventional cargo handling 
or for roll-on roll-off. With conventional handling, the cargo is 
lifted directly down into holds by means of dock-based cranes. 
This method is used today at the nucle«r power plants. With roll­
on roll-off handl in111, the traatsport vehicle - the trailer - can 
drive both.onr<> .end off of the ships without requiring any lifts 
by harbour cranes. The harbours at all of the nuclear power 
.,lants c- be adapted for such rational handling. 

The cargo .uat be anchored in the transport vessel in such a mMn­
ner that it will not come loose in the ever.t of a collision or if 
the ship runs aground. The hold is divided by watertight bulk­
head• for added security against sinking. Should the ship never­
thel••• go to the bottom, it must be easy to locate. It will 
therefore be equipped with some such device as :>'l underwater 
transmitter which i1 automatically activated ii Lne ship should 
sink. The shipping lanes and channels are shallow en~ugh to 
permit salvage of both ship and cargo. 

The hull of the ship mustbe designed for running through ice. 
But a v~~sel of the sil.e in question cannot function as an ice­
breaker, which means that th~ assistance of icebreaker will be 
required under diffirult ice conditions. 

-·-
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The time for deliv.~ry of a veuel of the type described her• from 
a Swedish shipyard is currently 1 1/2 to 2 years. 

--

9.4 TRANSPORTATION OF VITRIFIED HIGH·LEVEL WASTE 

9.4.1 

9.4.2 

General 

The t~ansportation of the waste cylinders conta1n1ng the solidi­
fied hie;!':.-level waste from European reprocessing plants is handl-. 
ed by the reprocessing company or by a transport organization 
contracted by the company. 

The waste cylinders will be transported from the reprocessing 
plant to Sweden in transport casks which are virtually identical 
to those used for spent nuclear fuel. NTL12 is one of the casks 
which may be used. It can transport up to 6 tons of nuclear fuel 
with a maximum permissible heat flux of 100 kW. Calculations 
carried out for this transport cask show that 15 wasr.e cylinders 
can be transported. The heat flux is thereby 17 kW, ·~hich is far -
below the values permitted for the cask. The gamma ray and neu­
tron shield is fully adequate to satisfy IAEA standards. 

Scope ~ transports 

After expansion to 13 reactors, the annual volume of fuel dis­
charged from Swedish nuclear power plants will be about 300 tons 
of uranium, which corresponds to 300 waste cylinders. The ships 
which are used today have a cargo capacity corresponding to 6 
transport casks uf type NTL12. A transport ship will thus be able 
to carry a maximum of 90 waste cylinders, corresponding to 3-4 
shipments per year if all nuclear fuel is reprocessed. 
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PROTECTION 

The word "protection" is used as a collective term to cover work­
ing environment, rescue service. radiation protection, physical 
protection and wartime protection. These matters are dealt with 
in greater detail in chapter 111:7. Matters of this nature are 
also dealt with in the descriptions of the design and functions 
of facilities and transportation systems. The working environment 
at plants for the reprocessing of nuclear fuel is dealt with in 
section 111:4.1.4. 

10.1 WORKING ENVIRONMENT 

10.2 

The Workers' Protection Act and various other statutes regulate 
matters of occupational hygiene in connection with the design, 
erection and o~er1tion of facilities. These matters shall be 
dealt with by insrection authorities and employee organizations 
before the facili cie. in question are erected. This report pro­
vides informati~n on the nature of the working environme~t i~sues 
and on how the design and operation of the facilities are affect­
ed by attention to such matters. 

RESCUE SERVICE 

According to the Fire Protection Act, rescue service activities 
are a~med at minimizing damage to human beings, property or the 
environment in the event of fires, floods or other emergencies. 
Fires can cause severe damage to subsurface facilities, so spP.ci­
al attention oust be devoted to fire protection aspects in the 
design of such facilities. Responsibility for such matters in 
Sweden rests with county and municipal authorities. 

10.3 RADIATION PROTECTION 

Matters pertaining to the handling of radioactive waste and occu­
J;Jational hygiene conditions in connection with work in a radioac­
tive environment are dealt with by t~e National Institute of 
Radiation Protection with the support of the Radiation Protectior. 
Act. A propo~al has been ~ubmitted for certain alterations in the 
legislation. The recommendations of the International Commission 
on Radiological Protection (1CRP} comprise the basis for dete;­
mining permissible radi<ltion doses. 

.... ._. 
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Principles and rules for the handling of radiation' protection 
ma~ters shall be examined by the National Institute of Radiation 
Prctection. Data on individual doses shall be reported to the in­
stitute. The precautions which are required to achieve good radi­
ation protection hygiene in connection with the transport, handl­
ing or storage of high-level ,waste are not expected to pose any 
particular difficulties. 

PHYSICAL PROTECTION 

The eXpression "physical protection" is a collective tem for • 
series .Jf safeguards agninst theft, sabotage and other acts of 
violence. The National Nuclear Power Inspectorate, with the sup­
port of the Atomic Energy Act, is the inspection authority in 
charge of the physical protection of fissionable material and 
nuclear power plants. The inspectorate issues directives and re­
gulations and su,ervises and enfofces compliance therewith. For 
the police activities which may ~e requir~d in connection w~th· 
such activities, the Nuclear Power Inspectorate cooperates with 
the National Police Board, which is responsibl~ for keering sub­
ordinate agencies up-to-date on current-regulations. 

The physical protection safeguards at ~perating nuclear power 
plants are gradually being augmented to comply with the tentative 
regulations issued by the Nucl~ar Power Inspectorate. At present, 
there are no corresponding regulation~ for facilities for the 
treatment and storage of high-level w;ste. These facilities are 
considerably less technically complicated than nuclear power 
plants and probably of less interest to saboteurs, so the regula­
tions regarding their physical protection should be simpler. 

In the KBS study, however, it has been assumed that the protec­
tion at such facilities shall be largely equivalent to that at a 
nuclear power plant. This means that physical protection i~ di­
vided into three main components: district or peripheral protec­
tion, shell protection (which is provided by robust building 
structures) and special protection for equipment included in vit­
al safety systems. This last type of protecti~n may include, for 
example, redundant auxiliary systems or administrative rules for 
authorized entry. 

Physical protection in connection with the transportation of 
nuclear ~aterial shall comply with the guidelines i~sued by the 
Nuclear Power Inspectorate and already ap~lied to the transp~rta­
ti~n of srent fuel. 

WARTIME PROTECTION 

The requirement for wartime protection is justified primarily by 
the fact that protection is required against damage which wou:d 
lead to the escape of radioactive materials. It has therefore 
been deemed appropriate that the Nuclear Power Inspectorate, in 
consulation with the Comm:lnder-in-Chief of thH Swedish Armed 
Forces and the National Institute of Radiation Protection, issue 
the directives and guidelines which may be considered necessary 
from the viewpoint of wartime protection. However, this question 
has not yet b~en formally regulated. 

---

l 
J 



·-·--

8) 

The emplacement of facilities for the handling and atorage of 
high-level waste in roc:k permits a solution which adequately sa­
tisfies the demands for protection against conventional weapons. 
The final repository. with a rock coverage of 500 metres. pro­
vides adequate protection against nuclear weapons as well. 
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SITING ASPECTS 

SITE RE{lUIREMENTS 

The transportation system comprises a vital link in the handling 
chain. Since all Swedish nuclear power plants, as weli as the 
European reprocessing plants in question, are situated on water­
ways, all long-distance transports are expec~ed to be made by 
sea. Only transports between harbours and plants will be made by 
land. The transportation system therefore requires access to 
suitable shipping lanes, c~annels and harbour sites. FroM the 
viewpoint of tran~~ortation, it is an advantage if the various 
facilities can be ~ituated on or near the coast. 

The central fuel storage facility described in chapter T:4 
should, in view of the l~rge concentration of r~dioactive materi­
al there, be provided wit~ good protection against acts of war 
and sabotage. The storage section at least should therefore be 
situated in an underground rock vault. Site choice is determined 
pritr.«rily by proximity to the coast, availability 0f !luitabie 
bedrock, possibilities for coordination of manpower re~ources and 
service facilities with existing facilities and potential for fu­
ture expansion. 

A preliminary study r.:1rried out by PRAV has rer.oiTI!II!nded Forsmark • 
Oskarshamn and Studsvik as suitable alternative sites. 

The intermediate storage facility for~ cylinders described 
in chapter 1:6 imposes basically the same ~ite requirements as 
the central storage facility. 

The encapsulation ;c;tation described in chapter 1:6 can also be 
located to adv'lntage in a rock cavern. Bt•t in view of the limited 
quantities of radioactive material whict are present in such a 
station at any one time, this should not be made as a require­
ment. Local conditions and coordination with other plant sections 
sho•1ld determine whether the station is to be lo.:ated in rock or 
on the surface. In the present study, the encapsulation station 
ha:oo been located in a rock cavern adjacent to the intermedi~tte 
store. 

The final tepository described in chapter 1:8 requires ~rimarily 
that the site have a stable bedrock with small and slow ground­
water movements. Due to limited time and resources, KBS has chos• 
en to restrict its itwestigations to three area~ with s()mewhat 
different types of bedrock, namely around Forsmark, Oskarshnmn 
and Karlshamn. The studies c>f the final repository h.we been 
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applied to the geographical and geological conditions.existing at 
Finnsjon near Forsmark. This site was chc.sen merely to give the 
study some geographical anchorage and is not necessarily mor~ 
advantageous than other possible sites. Before a decision is ~ade 
regarding the location of the final repository, comprehensive 
studies and investigations should be conducted over a ~umber of 
years within possible areas. Existing knowledge of th~ charac­
teristics of the bedrock in various parts of Sweden indicate that 
the coastal areas {rom Uppland to Blekinge contain many section11 
of rock which are well-suited for a final repository. 

11.2 ENVIRONMENTAL IMPACT 

The environmental impact of radioactive releases is dealt with in 
chapter I: 1 J. 

During the construction and operation phases, which partially 
ove.rlap, the following enviromrental effect:- are possible: 

Interference with local residential, communication and in-­
dustrial structures. 
Alteration of the landscape profile. 
Noise. 
Polluting discharges. 

The extent of such impact can be limited by g1v1ng preference to 
sites wnich are of less interest f~r housing and industrial de­
velopm~nt. On the other hand, relatively closely situated housing 
accomodations ar.d IWO.:lal services will be required for the con­
struction personnel during the construction phase, so the dis­
tance to the nearest co~~nity should not be too great. 

The landscape profile will be affected not o:1.ly by the actual 
construction site, but also by access roads, power lines, harbour 
facilities ere. as well as stockpilPs for surplus materials. lf 
surplus materials from rockworlts are used as backfill or as con­
crete aggregate or roaJ-building material, the size of such 
stockpiles can be limitPd. 

The noise. control measures which ,'\re rPquired to make the con­
"tl"uction site acceptable from the viewpoint of oc-cupational hy­
giene c-an also be assumed to be sufficient from the environmental 
viewpoint. The same applies to the control of dust from stone 
crushers and material stockpiles. 

Warm ventilation air will be dis~harged from the intermediate 
storage facility and the final repository. But due to rapid 
dilution in the atmosphere, little environmental impact is fore-
seen. 

..J.· ·:•• (: 
In the encap<Julation station, certain chemicals m.ay 
cleaning transport casks and glass tylinders. Thes~ 
shall behanlled a•ld disposed of in accordance with 
lations ~d government directives. Methods for this 
have been used previously at nuclear power plants. 

be used for 
chemicals 
~urrent regu­
ar.:o kno'WT'I and 
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jOINT SITING 

The question of how different facilities can suitably be jointly 
sited is contingent upon the followinR factors: 

Loral conditions. 
Possibilities for rational coordination of act;vities. 
Deadlines for completion of the facilities. 
Tia:e required to ohtain the necessary information throiJ~h 
studies. 

In principle, the encapsulation station c<\n be located at an·r 
point iu the chail reprocessing - intermediate storage - ii~al repo­
sitory. One factor in favour of havi.ng encapsulation near the fi-
nal repository in both time and space is the fact that technir.al 
developments during the intermediate storage phase can be ex-
ploited in the final design of the encapsu:ation process. 

Theo:-etically possible siting alternatives are illustrated in 
fi~. 11-1. The follO'o~ing cotm1ents can be made regarding the 
various alternatives. 

Alternative 1 

The comprehensive studies and licensing procedures which must 
precede a deci,.ion on the siting of the fi'1al repository cannot 
be completed by the time when the site of the ~uel storage faci-
1 i'ty must be decided. There is therefore no reason to consider 
this alternative. 

Alternatives 2 and ) 

These alternativt>s are feasibl<~ provided that the site for the 
fuel store is chosen so that s;1ace and suitable bedrock is avail­
able for other requit-ed facili~ies as well. But alternative 3 
should be given priority, sine~ there are closer ccnstructional 
and operational ties between encapsulation and final storage than 
between intermediate storagl! and enc.'lpsulation. The dates by 
which the various facilities h;tve to be completed also speak for 
alternative 3. 

Alternative 4 

The present study is based on this alternative for the following 
reasons: 

Good poss1bilities for raticnal cc-ordination of service and 
manpower resources. 
Only three exter,al transport phases. 
The siting is not bound to th~ fuel storage f~cilit~ 

One disadvantage is that the decision on the location of the 
final repository must be made at the same time as thl! site for 
the intermediate storage facility is ~ecided, i.e. at least 15-20 
years earlier than is actually necessary (s~e J:l4). 
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Alternatives 5 and 6 

These alternatives provide poorer opportun1t1es for coordination 
of resources than the previous altarnatives, since they require 
the establishment of an additional site. Of the two, alternative 
6 is preferable for the same reasons given for alternatives 2 and 
3. 

Alternadve 7 

This ~lternative provides the poorest opportunities for coordina­
tion and the most external transport stages and should therefcre 
be discounted. 

SUIIIDary 

Of the siting alternatives shown in fig. 11-1, alternative 4 was 
chosen for presentation given. in this report. 

But it is possible that future studies will show that alternative 
3 is preferable. Activities at the central fuel storage f.aci<ity 
and the intermediate storage farility for waste cylind~rs are of 
the same charncter and considerable savings can be madP. at an 
early stage by coordinating service facilities ar.d perso~mel. 
This will be especially crue if there is little reprocessing of 
Swedish nuclear fuel in t"he near future. Ir. this case, only a few 
waste cylinders will have to be disposed of in Sweden during an 
initial phase and the se~arate location of an intermediate stor­
age facility would ~e le~s attractive. 

COORDINATION WITH FACILITIES FO~t OTHER TYPES OF RADIOACTIVE 
WASTE 

In keeping with th~ provisions of the Corlditions Act, ~S has on­
ly dealt with high-level waste from nuclear fuel. M~thods anJ fa­
cilities for disposing of medium- and low-level waste .:1re cur­
rently being SLudied by PRAV. In designing the requisite fa­
ciiities. opti:num coordination of the handlintt of all type:l oi 
radioactive waste should be considered • 
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12 LAWS, STANDARDS, AND GROUNDS FOR 
EVALUATION 

..... .._ 

12.1 GENERAL 

12.2 

In general, very stringent safety rules are applied to nuclear 
power activities, as a result of which the risks to human health 
and the environment associated with nuclear power are very low. 
This high level of safety is a direct consequence of the exten­
sive work on criteria and standards aimed at creating safe de­
signs and the rigorous radiatio~ protection recommendations for 
plant personnel and the general population issued by the Inter­
national Commission on Radiological Protection (ICRP), whose 
principles have been accepted in all countri~:>s. 

The work of other organizations, such as the World Health Orga­
nization (WHO) and the International Atomic En~rgy Agency (IAEA), 
a::~ well as national authorities, has also contributed towards the 
safe and environmentally hygienic peaceful utilization of nuclear 
power. 

Loss liability in the area of nuclear energy is regulated in most 
western Eueopean countries by the Paris Convention. The Paris 
Convention and its supplementdry convention a'e complemented by 
the Brussels Convention, whic:h regulates less liabi 1i ty associat­
ed with the transport of nuclear fuel by sea. In Sweden, such 
liability is regulated by the Atomic Liability Act of 1968 (SFS 
1968:45). which places th< 'iability for an atomic acci.ient with 
the plant owner. However, t •• e plant owner's liability is limited 
to SKr 50 million per accident. Sums in access of this are paid 
by the State up to SKr 350 million, and after that up to approxi­
mately SKr 600 million by the states which have ratified the 
Brussels Convention. 

Nuclear activities in Scandinavia must al~o comply with the Nor­
dic Environmental Protection Convention. This convention was ra­
tified by Sweden in 1976. 

The dumping of wastes, incl··jing radioactive waste, in the sea is 
regula ted by the Lo:1don Convent ion. The Swedish Parliament, how­
ever, has prohibited the dumping of Swedish radioactive wasta at 
sea al ogether. 

LAWS AND REGULATIONS 

In Sweden and other co~ntries, nuclear activities are regulated 
by a numb~r of mutually complementary laws aimed at ensuring 
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safety and protection for plant person~el, the general population 
and t'tle en•tironment. The central law within the field of nuclear 
power in Sweden is the Atomic Energy Act (SFS 1956:305), which 
requires p~rmisAion from the Government or an authority appointed 
by the Government for the erection and operation o'f nucl!o!ar power 
plants or plants for the processing of nuclear fuel. 

Thv supervisory authority de~ignated by the Atomic Energy Act is 
the Swedish Nuclear Power Inspectorate, which is responsible for 
such matteu as exami.ting the safety of nuclear facilities and 
the design of vAri.Jus safety systems. Fissionable material safe­
guards and permits for.the transportation of fissionable material 
also come under the authoritY. of the Inspectorate. 

The R~diation Protection Act contains provisions governing work 
with ionizing radiation, among other things. Permission for such 
.R.ctivities is required from the inspection authority, the Na­
tional Institute of Radiation Protection. Conditions and direc­
tives governing such activities are also issued by this authori­
ty. Matters pertaining to radiation protection in both the work­
ing environment and the external enviromnent are also regulated 

·by the Institute, which issues directives concerning: 

Maximum permissible occupational doses and the measurement 
and reporting of such doses. 
Maximum permissible releases of radioactive substances and 
how such radioactivity is to be measured and reported. 
Environmental monitoring with sampling and analyses of 
different types of samples as well as direct measurements. 

Other Swedish laws which govern nuclear activities are: 

Environmental Protection Act 
Workers' Protection Act 
Building Act 
Emergency Planning Act 

12.3 INTERNATIONAL RECOMMENDATIONS 

International organizations such as the International Commission 
on Radiological Protection (ICRP), the United Nations' Interna­
tional Atomic Energy Agency (IAEA), the World Health Organization 
(WHO) and the OECD's Nuclear Energy Agency (NEA) agree on the 
following fundamental principles: 

No activity which entails the irradiation of personnel or 
population shall be accepted unless it can be demonstrated 
that its advantages outweigh its disadvantages from the 
viewpoint of society. 
The activity must be ~cceptable with respect to radiation 
risks. 
All radiation ~oses shall be kept within limits which are 
regarded as reasonable on the basis of economic a~d social 
considerations. 
No individual shall be subjected to radiation doses which 
exceed the dose limits recommended by the ICRP, either now 
or in the future. 

The most recently updated edi:ion of the ICRP recommendations 
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(12-2) was published in September of 1977. The intentions of this 
and previous relevant publications from the ICRP served as a 
basis for the work of this project. 

The recommend£tions concerning maximum permissible radiation 
doses have no.t been changed. Thus, the following limits a~:·:: 

Radiation dose to personnel in radiological work, 5 rems per 
year. 
Radiation dose to individuals in the population, 0.5 rems 
per year. 

The term "weighted whole-body dose" has been introduced. The 
purpose of this is to weigh together all doses to different or­
gans to arrive at a representative whole-body dose. 

The term "dose conmitment" has been introduced. By dose commit­
ment is meant the sum of the annual radiation doses which are the 
results of releases over one year. This means that the annual ra­
diation dose in a future postulated state of equilibrium is equal 
to the dose commitment from the releases over a single year. Dose 
commitment can also designate the total dose load .f'rom acc'dental 
rele:tses. 

The term "collective dose" refers to the sum of all of the indi­
vidual doses within a given population. The purpose of setting a 
limit for the collective dose is to limi! the future mean dose -
and thereby the number of injuries - from a fully exp~nded 
nuclear power industry. 

SWEDISH RAUIATi0fll PROTECTION STANDARDS AND CRITERIA 

New regulations goven.ing the release of radioactive substances 
from nuclear power plants were adopted by the government in 1977 
on the b3sis of proposals from the National Institute of Radia­
tion Protection (12-3). These rPgulations will entPr into effect 
in 1981. Tr~nsitional regulatic:\s will apply until then •. 

The new regulations stipulate limits for whole-body doses to 
nearby ~esidents ~nd collective doses to the entire population. 
Th"! ·,"lues which are specified are: 

The SinD ~f the weighted whole-body dose to nearby residents 
should be less than 10 mrems per year. 
The global weighted collective dose commitment should be 
less than 0.5 manrems per year and HW i~stalled electrical 
output ONe). 

These limits are considerably more stringent than former limits. 
They have been determined on the baais of an evaluation of what 
is currently the lowest dose load which can reasonably be achiev-­
ed. 

If these requirements are fultilled, acute injuries to any indi­
vidual will be entirely eliminat.ed. The safety margin to direct 
health effects is several orders of magnitude. 

The limits stipulated by the new stand~rds aim at minimizing ~he 
risk of delayed effects, both somatic and genetic. The reference 
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value of 10 mrems per year contributes less than 10% to the 
normal radiation environment. 

The regulations governing releases of radioactivity from nuclear 
power plants also include provisions concerning: 

Countermeasures in the event of elevated release levels. 
Rout£nes for inspection and reporting. 
Scope of enviconmental studies. 

The transport regul·.tions of the International Atomic Energy 
Agency, Regulation for the Safa Transport of Radioactive Materi~ 
als (IAEA Safety Series No. 6), govern the transport of spent 
nuclear fuel and other radioactive material. There are also Swe­
dish and international rules governing transports via various 
means. The supervisory authorities are the Nuclear Power Inspec­
torate and the National Institute of Radiation Protection. 

12.5 DESIGN STANDARDS 

-Special rules for nuclear facilities other than nuclear power 
plants - such as central storage fa~i tities for spent fuel, final 
repositories and intermediate storage facilities for high-level 
waste and encapsulated spent fuel - have not yP.t been issued in 
Sweden. But the general principles established for nuclear power 
plants should also be applicahle to the safety measure3 and the 
evaluation of safety and environmental aspects in these areas. 
Some modifications may be necessary depending on the nature of 
the facilities and processes. General protection principles have 
alteady been established for the transportation of spent fuel and 
fn~ the s:orage and treatment of such material. 

Some design standards concerning the storage of spent nuclear 
fuel and radioactive waste :1ave been established in the United 
States as wel~ as in West Germany. These stand~rds apply to 
temporary storage. Standardization work is currently underway in 
these countries concerning the later stages of the nuclear fuel 
cycle, including the final storage of high-level waste. 

In the USA, the Nuclear Regulatory Commission (NRC) is pursuing a 
broadly-based prograJII!Ie aimed at establishing standards and li­
censing requir~ments with re~&rd to the location, design and ma­
nagement of facilities for radioactive waste. ntis progranne in­
cludes criteria aimed at ensuring the safety of the environment 
and of the personnel in the handling, transport, storage and 
final disposal of vitrified high-level waste. The initial 
results of this work are expected to be published during 1978. 
Work is also currently .under 1r1ay on desir,n criteria for storage 
rooms for high-level Yaste. These criteria are expected to deal 
with the following points: 

Quality assurance measures for design and const~•ction. 
Performance requirements for containment barriers. 
Requirements on nuclear safety. 
Compatibility between waste forms •lnd containment media. 
Protection against mechanical damage. 
Security requirements. 

These pending licensing requirements in the area of nuclear was~~ 
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have been given the working ~itle 10 CFR 60 "Licensing of Radio­
active Waste Management Facilities". More detailed design direc­
tives in this connection are expected to be presented by the NRC 
in aegulatory Guides. 

A morP. thorough description of the situation concerning stan­
dardization work in the USA is provided in a KBS report 
/12-l/. 

GROUNDS FOR EVALUATION WITH REGARD TO FINAL STORAGE 

Safety criteria for final storage have not yet been estahlished, 
but work is being pursued in this area in many difier~nt count­
ries and in international cooperation. One of the requirements is 
that the long-term environmental lo~d must be acceptable. 

As regards the final repository, special attention must be paid 
to the ICRP's rule that no individual, either now or in the fu­
ture, shall receive radiation doses which exceed the dose limits 
recommended. by the ICRP. The c• .. rrent li.-nit for individuals is 500 
mrems/year from all activities Which can give rise to radiation 
with the exception of medical uses of ionizing radiation. On the 
basis ot considerations of what is technically feasible and 
economically reasonable on the one hand and ireproved protection 
on the other, national regulations for nuclear power plants have 
been issued which stipulate lQ-50 mrems/year for nearby resi­
dents. 

Thus, the release of radioactive substances from a final reposi­
tory shall not give rise to more than a fraction uf 500 mrems/ 
year and person to nearby residents for all future time. Beyond 
this, the usual rule that all measures which are socially and 
economically acceptable shall be adopted to reduce the dose load 
shall apply. 

In order to protect large pnpulation groups against genetic 
effects in the long run, a rule concerning the limitation of 
collective doses similar to the one which is currently applicable 
to nuclear power plants should also be applied to waste and fuel 
management facilities.· 

In this connection, Swede~:\ and the other Nordic countries are 
campaigning for the adoption of a rule which would specify a dose 
limit per unit of electrical output for nuclear power as a whole, 
namely 1 manrem/MWe per year (12-4), Since 0.5 manrem~e per 
ye;lr has beom allocated for the operation of nuclear power sta­
tions, 0.5 manrem/MWe remains fnr the.other parts of the fuel 
cycle, including the final repository. All dose loads during the 
t:ntire nuclear power era shall thereby be taken into <.:onsidera­
tion, whereby long-lived elements shall be totalled over 500 
years. In thP ~lse of extremely longlived radioactive elements, 
the annual r .... cion doses shall remain low in relation to the 
natural radiation level. The choice of a level of l manrem/MWe is 
based on the goal of a maximum of 10 mrems/year and person and 
the assumption of an average global electrical power pr~duction 
from nuclear energy o! 10 kW per person. This greatly exceeds the 
present total power consumption per inhabitant in the industrial 
countries and entails a larre ~af'ety margin. As a comparison, it 
can be mentioned that electrical power consumption per person is 
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highest in Norway,.with an average of more than 2 kW per year 
(1975). The corresponding figure for Sweden is 1.1 kW. 

12.7 MANKIND'S CURRENT RADIATION ENVIRONMENT 

Radioactive elements exist in nature and ionlzing radiation from 
these ele~ents is responsible fur a portion of the natural back­
ground radiation level. Additional irradiation of ~n stems from 
a numb<"r of different sources, for example from buiiding materi­
als in residences and from the medical use of radiation. 

The hackground radiation occurring in nature comes from cosmic 
radiation, radiation from radioactive elements in the bedrock and 
radiatiQn from radioactive elements absorbed in the body. The na­
tural background radiation level in Sweden is between 70 and 140 
mrems/year (12-5). The body's natural absorpti~n of potassium-40, 
uranium, thorium and radium along with their daughter products 
giv~s an average dose of 20 mrems/year in Sweden. 

The· radiation dose from building materials in buildings 'Jaries 
widely. Radiation doses between 20 and 200 mrads•/year in connec­
tion with uninterrupted presence indoors for the whole year are 
common (12-6). Values up to 700 mrads/year have been measures as 
external doses (12-7). The weighted internal whole-body dose 
caused by radon in our homes is betw2en 10 and 1 000 mrems/year 
(12-8). Medical irradiation provides an extra annual dose cf 
approximately 40 mrems per person. 

Most produ~ts in our environment, both natural and manufactured, 
are weakly radioactive. Drinking water in Sweden contains, for 
example, radium-226 at levels which vary between 0.1 and 40 pCi/1 
(12-9). On the basi~ of the same calculating principles used for 
the final repository, this gives doses between 1 and 400 mrems I 
year. Natural waters also contain uranium at levels which are 
normally between 0.1 and 5 pCi/1, but extreme values of up to 
1 500 pCi/1 have been measured (12-10). 

• The absorbed dose is given in rads, while the ~iologically 
~~ighted dose is alven in rems. Except in the case of alpha 
radiation, the racl and rem values are numerically equi­
valent. 
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13 SAF.ETY ANALYSIS 

13.1 

13.2 

13.2.1 

GENERAL 

The handling chain for spent nuclear fuel and vitrified high­
ievel. waste described i:-; chapters 3 to 9 has been thoroughly ana­
lyzed as regards safeguards against the dispersal of radioactive 
substances. The emphasis has been placed on those processes which 
are intended to be-carried out in Sweden. Reprocessing and vit1i~. 
fication will be done abroad, dnd these stages have not been ana­
lyzed in detail bv the project. For all of the other processes, 
including all transport operations, an analysis has been carried 
out in an attempt to assess the normal releases of radioactive 
substances which might occur and the prcbability and c.Jnsequen·.:es 
of releases in connection with accidents. 

Final storage has been ~nalyzed with respect to the different 
phenomena which can contr-ibute towards the slow dispersal of ra­
dioactive substances. The possibilities of various extreme events 
in connection wit.h final storage have been surveye~. 

In order to provide a basis for determining whether handling and 
final storage can be effected in an absolutely safe manner, a 
compariscn is made with the grounds for evaluation described in 
chapter 12. 

This chapter summarize9 the detailed report on the safety ana­
lysis which is S"~;bmitted in volume IV. 

SAFETY IN CONNECTION WITH HANT>LING, STORAGE AND 
TRANSPORTATION 

Ha"'dling st."tges and methods 

Safety in connection with the handling, storage and tran!porta­
tion of s~•lt fuel and vitrified high-level waste is described in 
a brief sunm:ary. A more detailed tr~atment is provided in chapter 
r,r: 4. 

The following handling stages are dealt with (see figure 13-1): 

Transportation of spent fuel elements from the reactor sta­
tion to a central storage facility. 
Reception and storage in the central stora~e facility for 10 
years. 
Discharge of spent fuel from the central storage facility 
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Fig11re I 1·1. Handling chain fi" srorage of ~nr futl and virri/itd -sre. 

and tr<'nsportation to a fc.reign plant for reprocessing, 
where the high-level wast~ is vitrifiec . 
Tranqportation of vitrified was";e hack to domestic interme­
diate storage facility. 
Storage of waste for 30 years in intermediate storage faci-
1 i ty. 
Encapsulation of vitrifi~d waste in canisters of titanium 
and lead. 
Deposition of the encapsulated .waste in a rock repository 
approx. 500 m do~n in the bedrock. 

Personnel and the envir~nment. may be subjected to radiation in 
connection with both normal operation and incidents. Shielding 
and other normal radiation protection measures shall be institut• 
ed and implemented to such an extent that dose loads are limited 
in compliance with the -.: ,cotm~endat ions and requirements of the 
IC~P and the National Institute of Radiation Protection. Protec­
tion for personnel engaged in the operati~n and maintenance ~f 
the facilities is dealt with in chapter III:7. 

In the safety analysis, various safety precautions have been 
studied and normal radioactive releases have been evaluated. The 
analysis of accidents or failures has dealt with failures which 
can damage one or more of the barriers which yrotect against the 
escape of radioactive substances. 
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The failure analysis aRsesses the release of ra.dioactive sub­
stances in connection with various failures and o:ccidents ;md the 
probability that such inadvertent rel~ases will occur. 

The radiological consequences are described in. the form of the 
individual dose for the most-exposed population ~rou11 and the 
collective dose corm~it!IIE'nt, which is a measurP of the lon~-term 

dose loaJ on the population. 

Adverse environmental effects due to accidents at 11lants and 
!'luring transportation and from r,onnal releases .1re juiged to be 
much less serious than in the case of nuclear power ~~~nts, both 
as regards :nooability and consequences. This is due t•.> the f01ct 
that pressure and temperature are lover and that the radioactive 
substances are constantly encased .1nd isolated from the e;wiron­
ment. The chanc~s of .:1 sudJen and he.1vv release of ·r<~dioactive 
substances ~re ni 11 or negi i~ible. Furthermore, such events de­
vel<'p much more !!lowly and .d low more tir.~e for countermeasures. 

Radi0active substances in spent fuel 

(nrnedi.Jtely after re.1ctor shutdown, power gener<ttion in the fu~l 

elements declines sharply, hut some heat <'ontinues to he gene­
rated <IS a result of the decay of the r<tdic.active elements fnnned 
during reactor o11er.1t ion. One minute after shutdown, heat ~enera­
tion has dropped to 5~ of operating output and then co~tinues tn 
decr·~ase rapidly. After a month, it i:; <~round 0. L'. R.1cJi,>activity 
declines at rou~hly the same pace. 

TrJnsportation of spent fuel from the reactor to a central stor­
age facility t<tkes pl<~~~ at the earliest & months after disch<trge 
and normalJy even later. The calculations in the safety .1nalysis 
are based 0n the tr:tnsport 0f cne-year-olc;; fuel to the central 
storage f01rility. 

tn the transport safety analysis, cesium-134 and cesium-137 01re 
the main sources of radiation doses in the event of a failure. 
Hc\Jever, the only radioactivity which is available for leakage is 
that which has been released from the ceramic f•,el .1nd has accu­
mulated in cavities i-c.ide the canning. This portion has been 
assumed to be 1% for cesium, which available information indi­
cates is on the pes~imistic side. Burn up has been as~umed to be 
33 000 MWd/to~ uranium. 

Central st~rage facility for spent ~~ 

The safety analysis vas carried out for the type of central stor­
age facility for spent nuclear fuel which is described in a pre­
liminary study conducted by PRAV. Certain modifications may be 
made in the follow-up study which is currently being conducted 
within SKBF. 

The facility is designed with a special ~hasis on: 

Keeping the dose load on the personnel ~s low as po~siblP. 
Prev~nting the release of radioactive ~ubstances which could 
escape tc the environment. 
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The radiological safety of the personnel is guaranteed by a num­
ber o{ safeguards. such as: 

Amply dimensioned radiation shields in the form of e.g. con­
crete walls and water barriers. 
Monitoring instruments for ch@cking direct radiation and 
airborne activity. 
Remote control of activ~ components and systems. 
Dose :non i toring of personnel. 

The storagl'! pools are located underground vith a 30 11 rock cover, 
which provid·s the stored fuel with ~n effective barrier against 
external for~es. 

The ventilation systems ~re sized t~ guarantee acceptable tempe­
rature anc humidity. The areas for fuel discharge and other areas 
where there is a risk for ai1borne radioactivity are maintained 
at a lower pressure than the ~urrounding parts of the building. 
Radioactive substances are collected in filters before the venti­
lation air is disch•rged to the atmosphere. 

--
The storage pools wi 11 be designed a! free-standing thick-walled 
units lined with stainless steel. The external walls of the con­
crete structure are accessible· for insJ.ection and any leakage. can 
be diverte~ via collection ducts behind the welded joints in the 
stainless steel plate and collected in a drainage system. This 
permits leakage to he detected at an early sta&l!· 

The pools do not have any low-\@vel pipe connections. This pre­
vents inad,ertent emptying of the pools. The cooling system is 
designed ':or maintaining the water tearperature at 2S-30°C nor­
mally and below 50°C in the event of isolated component failures. 
If external cooling should fai 1 comvletely. despite redundant 
components and a back-up power system. the temperature of the 
water in the pool will rise. If no co•mtermeasures are adopted, 
it will take more than a week betcre the pools reach the boiling 
point. But the fuel can be cooled by ~ake-up feed. so the fuel 
will not be damaged due to exposure. . 

The configuration of the fuel in the tanks has been analyzed for 
criticality. The calculations show a good safety margin to criti­
cality, eveT' f..>r unirradiated fuel. lt is improbable that the 
fuel will be redistributed due to an accident to a configuration 
which poss~sses higher reactivity than the normal storage confi­
guration. Since the fuel in thP. central storage facility is 
~pent. there :s no risk for a ~ritical configuration. 

tn OTder to m;nlL,ize the fire hazard. the facility is ~ivided in­
to fire cells and equipped with an automatic fire alarm system, 
fire ventilation and fire extinguishing equipment· adap::ed to the 
nature of the different areas. The fire load is lov throughout~ 

The ri~k of rock collapse can be aliminated by ~ans of conven­
tional coMstruction ~thods. such as rock reinforcement. 

The 7Q-ll0 ton clsk for ~pent fuel is transported from the har­
bour to the reception •ection nn a trailer towed by a tr3cto.r ve­
hicle. In order to reduce the risk of transport accidents. tran~­
po:-t speed has been li"nited to 10 km/h. The grade in the tunnel 
is a maximum of 1:10 .nd long straightavay!l have been avoided. 
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The transport cask 'is mov~d horizontally within the reception 
section by means of an overhead crane over a reinforc£d floor 
section. Where vertical movements are required, liftintl heights 
are limited as far as possible and the overhead cranes ar~ 
equipped with extensive safety devices, 

Many years of experience has been gained in the storage cf spent 
fuel in water pools. There is normally some small leakage of 
radioactivity from the fuel to the water in the pool. This is 
disposed of by cleaning circuits in the same way as in nuclear 
power plants. Sm4ll quantities of krypton-85 and tritium are en­
trained in the ventilation ai!' and released to tl . .! atmosphere. 
Traces of iodine and particulat~activity may also be released to 
the atmosphere. But most remains in the vater and is collected by 
the ion-exch~ngers in the cleaning circuits. 

Normal releases of radioactivity to the environment are very 
small and give rise to insignificant radiation doses to nearby 
residents (on the order of 0.0001 re~s/year). 

The central storage faci 1i ty has been designed to reducl" the pro­
bability of major failures to ~ very low level. The accidents 
which could nevertheless conceivably occur are restricted to mi­
nor incidents with moderate releases of activity. 

The following accidents have been analyzed with respect to conse­
quences and probability: 

Transport cask dropped 
Fuel cassette or other object is dropped 
Fuel element ls dropped 

Tht!se accidents wo•Jld en~ai 1 a release of max. 4 000 Ci krypton-
85, which gives radiation doses less then 0.1 millirem. The pro­
bability of the maximum releases has been estimated to be about 
0.0004 per y~L"ar. 

A central storage facility for spent nuclear fuel thus entails 
negligible radiation risks to the environment. 

Transportaticn of spent fuel and vitrified, high-level waste 

A description of the transportation system is provided b chapter 
1:9. Type 8 containers are used for the transpotts. These con­
tainers comply with the rules issued by the lAEA (International 
Atomic Energy Agency in Vienna) for design, construction and 
testing. The aim of these rules is to ensure that the transport 
cask for the radioactiv:! material is designed to provide suffi­
cie~.t security against the escape cf radioactive substances as a 
result of accidents. The intention is that all transports shall 
be possible with the use of conventional, generally available ve­
hicles and without any special radiation surveillance. !he rules 
therefore prescribe the following categorical tests, which are 
designed to simulate a serious accident: 

Fall from 9 m onto a hard, flat surface. 
Fall from 1 m onto a solid steel cylinder with a diameter of 
15 em. 
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Heating for 30 minutes to 800°C. 
Immersion in water at a depth of 15 m for 8 hours. 

The first three tests shall be carried JUt in sequence on the 
same cask. The cask sha 11 pass the~e tcs ts without any leakage. 
Specified requirements arc also made on radiation shielding and 
cooling. 

The cask shall be handled in accordance with detail~d ins~ruc­
tions. Transports outside of the plant area must be registered 
with and approv~d by the authorities in the conc~rned countries 
in advance. 

Saf~ty can be further ~nhanced by the use of specially-made 
ships. The ship vh;cn is planned for the purpose shall be equip­
ped with special safety-enhancing equi~ment: 

Reinforc~ment for travel th:oug!l ice. 
Monitvdng equip!llt!nt for radiation. 
Carbon d~0xide syste~ for fire extinguishing. 
Automatic sprinkler 3ystem. 
Devic~ for tracking after sinking. 
Extra communic~tion ~quipment. 

Observatio'1s after actual transport accidents. as weil .'\s sp~cial 
full-scale coli is ion tests show that the casks can actually with­
stand greater 1tresses th.m those specified in the testing direc­
tives. But in o~der to investigate th~ potential environmental 
consequences of various transpotL accidents ~nd failur~s. it ha~ 
been ass~1med that the casks can be damaged in rare -:ases. 

There are three different types of transports between plants: 

Transportation of fuel elements from the reactor ~tltion to 
the central storage facility. 
Transportation 0f fuel elements from the central st0rage fa­
cility to a foreign reprocessing plant. 
Transportation of vitrified waste !'rom a foreign reprocess­
ing plant to a Swedish intermediate storage facility. 

The types of accidents and failures which have been considered 
are: 

2 
3 
4 
~ 
6 

The tran~port cask is dropped in connection with loading or 
unloading. 
The ship runs aground or sinks. 
Ship collision~ 
Long-lasting fite onboard. 
Colli~ion and fir~ onooard. 
Trailer collis~on with and without fire. 

The most severe case is a S~lip collision with fire onbMrd. The 
probability of such an accident has been calculated to he 
3 x 10-6 per year (three such ac~ide~ts every million years). 
Some cesium and krypton-85 could then be released. The maximum 
c0llective dose to the population in the event of such an acci­
d2nt has been calculated to be about 30 000 manrems. This assumes 
that the accident takes place near a major city. Thus, the pro­
bability of this worst consequence is considerably lover than the 
actual average value given for ~his type of a~cident. 
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The safety analysis shovs that transport of spent nucleat fuel 
entails very small risks for the escape of radioactive ~ubstanc­
es. Even in the event of such an improbable event occuring, the 
conseqmmces of any release of radioactive subs tanccs vou I d be 
slight. 

Intermediate storage, encap~ulation and deposition of vitrified 
waste 

The intermediate storage faci 1 ity is designed on th-~ basis of ex­
periences from the Marcoule plant in France. Design criteria si­
milar to those for the central fuel st~rage facility have been 
used. Safety requirements played an i~ortant role in determing­
ing the design of the plant. 

The emplacement of the intentlt!diate storage facility in rock pro­
vides good protection against C!X:::ernal forces, acts o( war etc. 

The waste cylinders are thoroughly de~ontaminated from surface 
activity but must be radiation-shielded in order to permit hand­
ling. The concentration of radioactive waste in the glass is 
approx. 9%. The waste has cooled for about 10 years before it is 
transferred to the intermediate store. As a result, heat flux has 
declined to about 1.2 kW/cylinder. The waste cylinders arrive 
protected by tne tran~port cask. The waste cylinrlers are handled 
in closed rooms with thick radiation-~hielding valls, constant 
underpressure and instrumental monitoring. 

Transfer casks with built-in radiation shielding are used to move 
the waste cylinders. They are handled by overhead cranes and the 
cylinders are transported very close to the floor. The most i~ 
portant safety precaution is to main'.ain cooling of the storage 
section. ~or~ally, cooling is provided by tvo fans connected in 
parallel. A third fan can be turned on when needed. There is also 
a fourth fan on the surface. A diesel generator provides an aux­
iliary power supply. Normally, the e~haust air temperature is 
about 80°C. If one fan fails, the ba·=~-up fan is automatically 
switched on. When only one fan is used for cooling, the tempera­
ture rise~ to ~bout 11a

0
c after 40 hours. lf all fans should fail 

in a;'l extreme case, a by-pass duct with an automatic damper per­
mits air to circulate with natu.-al convection. The temperature 
then rises to max. J40°C, which is attained after 40 hours. This 
does not lead to any release of activity. 

The steel casing around the glass body is carefully cleaned dur­
ing fabrication and all :1andling of waste cylinders is perfonned 
under dry conditions, so the risk for surface contamination is 
small. Since the waste is incorpcrated in the gla~s, which is in 
turn enclosed in tightly welded r:ylinders, no radioactivity is 
released during the storage period. Ten years of experience in 
the storage of high-level glass is available from Marcoule plant 
in Franc.t>. During this timr., no radioactivity has been detected 
in the ventilation filt~r~. 

The probability of failures in the plant has been limited by de­
sign precautions. Ov~rheating to such high temperatures that vo­
latile nuclides are vapourized does not occur even in the event 
of a total cooling failure as 1escribed above. The probability of 
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damage due to fire is reduced by a low fire load and adequate 
fire protection. 

The possibility of mechanical damages which could lead to the re­
lease of airborne activity is deemed to be non-exi~tent. 

After appl·oxi:x~&tely 30 years of storage, the waste cylinders are 
lifted up 0ut of their stor~6~ positions and trAnsferred in a' 
transfer cask ro a cell for encGp~ulation. The enc~psulation sec­
tion contains a number of work and inspection stat~ons in a radi­
a~ion-shielded cell. A'leaJ shell with a titanium casing is plac­
ed over the cylindl'!r and lead is poured into the !:~pace between 
the shell and the steel casing around the glass. The canister is 
then sealed with a titanium lid which is tightly welded. The en­
capsulation procedure is carried ou:: in its entirety by means of 
remote control. The encapsulated waste is lifted into a transfer 
caslr. which is transferred on a wagon to the repository's elevator 
shaft. 

The elevator which carries the encapsulated waste dawn to the fi­
nal repository is equipped with at least ~o independent brake 
systems and the hoist cables can carry 10 times the design load. 
If an elevator should fail, the fall will be d.unped by the water 
pool at t~e bottom of the hoist shaft. Even if the canister 
should be damaged, the glass cannot shatter into particles of 
such small size that they can become airborne. 

RADIOACTIVE SUBSTANCES IN HIGH-LEVEL WASTE GLASS 

General 

The core of a light-water reactor contains uranium fuel in the 
form of uranium dioxide enclosed in "cans" made of a zirconium 
alloy (nuclear fuel). The amount of uranium in a reactor core va­
ries with the size and type of the reactor. The Swedish reactors 
have cores which c~ntain between 70 and 126 metric tons of urani­
um. A boiling water reactor (BWR) has a lower power density and a 
larger quantity of fuel at a given size than a pressurized water 
reactor (PWR). The nuclear fuel is gredually replaced in connec­
tion with the annual shut-dawns for fuel replacement and other 
maintenance. Each fuel element is irradiated between 3 and 5 
years bdore it achieves full burnu"). This is 25 000 - 28 OOC me­
gawatt-days per ton uranium (MWd/tU) for BWRs and 31 000 - 35 000 
MWd/tU for PWRs. The typical composition of the spent fuel is 
specified in section 2.1.1. 

During the burnup of the uranium f~el, radi~active waste is 
created by nuclear fission, which produces fission products, and 
by neutron ca~ture, which produces activation products. The most 
important activation products in the fuel are elements which are 
heavier than uranium - the transuranium elements ·· neptunium 
(Np), plutonium (Pu), americium (Am), curium (Cm) etc. Other ac­
tivation products are formed in the cans and structural compo­
nents. These latter activation products constitute medium-level 
waste and are not discussed further here. 

The high-lP,el waste obtained from the reprocessing of the spent 
fuel contains most of all the fission products plus all of the 
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transuranium elements except for plutonium and small residual 
quantities of uranium and plutonium. Rt!processing and vitrifica­
tion of the "tigh-level waste has been described in chapter 5. In 
reprocessing, certain gaseous fission products are separate~, 
mainly kryp':on-85 and iodine-129, but all others are present in 
the high-level waste. 

Cnmpositinn ~ high-level ~ 

As was mentioned above, the vitrified high-level waste contains 
almost all of the fission produrts a-1d transuranium clements ex• 
cept for plutonium. The residual quantities of uranium and pluto­
nium left in the waste glass may vary depending on the type and 
burnup of the fuel and on the detailed nature of the reprocessing 
process. Just as in the Aka Committee report (13•1), it has been 
assumed that 0.1% of the uranium and 0.5% of the plutonium in the 
spent !•tel wi 11 be present in the high-level waste. 

Recent French findings indicate that the uranium content can be 
expected to correspond to approximately 0.2% of the original ura­
nium and th~ plu~onium content to about 0.15% of the original 
plu':onium. As noted in chapter IV:3, doubling the uranium content 
leads to an insignificant increase in calculated activity disper­
sal, while a reduction of the plutonium ..:ontent t.J 30% leads to a 
considerable r@duction of activity dispersal. 

It should be noted that separation of plutonium from uranium and 
tile precipitation and conversion of these elements entail further 
losses of uranium and plutonium. These lost quantities are pre­
s•!nt in the low- and mediunr-level waste and are nonnally slightly 
greater than the quantities in the high-level waste. According to 
gJarantees from the reprocessing company, total losses will not 
e1<ceed 3% plutonium and 2% uranium. Lower losses have been ob­
tained in operating plants. 

1he most i~rtant fission products in the high-level waste as 
far as final storage is concerned are those with long and very 
long half-lives. The following table gives the half-lives of the 
important nuclides. 

Nuclide 

hydrosen-3 (tritium)+) 
selenilllll""79 
'krypton-as•> 
strontium-90 
zirconium-93 
technetiu~99 
antimony-126 
iodine-129+) 
cesilllll""135 
cesium-137 

Half-life 

12. 3 years 
65 000 yean 
10.8 years 
28.1 yurs 
l. 5 mi 11 iot' years 
210 000 years 
100 000 years 
17 millicn years 
3 mi Ilion years 
30.0 years 

+) tritium, 'krypton and iodine are removed in conne~tion with 
reprocessing. However, it has been assumed in the safety 
analysis that 1% of the iodine-129 is present in the vitri• 
fied vaste. 

J 
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Nuclide 

1-rometium-14 7 
!lamarium-151 
europium-154 

Halflife 

2.&2 years 
87 years 
1& years 

Of the nuclides listed in the table, s:rontium-90 and cesi~m-137 
are the most important for evaluating safety during the first son 
to 1 000 years of final storage. For very long-term safety, tech­
netium-99, iodine-129 and cesium-135 are of safety interest. 

The residu~l quantities of uranium and plutonium, the other 
transuranics and the decay products of these elements comprise 
the heavy nuclides. The waste contains a hundred or so different 
heavy n•1clides. A detailed list of these is provided in volume 
IV, chapter 3. The follawin~ table gives the heavy nuclides which 
are most important for evaluating the safety of the final reposi­
tory. 

~ucl ide 

americium-243 
americium-241 
plutonium-HI 
plutonium-240 
plutonium-239 
plutonium-238 
neptunium-237 
uranium-238 
uranium-235 
urani um-234 

uranium-233 
thori-um-l30 
tl-.oLium-229 
radium-22& 

Half-life 

7 &50 yearr. 
433 years 
14.& years 
6 760 years 
24 000 years 
89 years 
1.13 million· ears 
4 510 mil lion years 
710 million years 
247 000 years 

1 :.,2 000 years 
80 000 years 
7 300 years 
1 600 years 

Parent nuclide 

plutonium-241 

americium-241 

pi.utonium-238, 
uranium-238 
neptunium-237 
uranium-234 
urani11m-233 
thorium-230 

The column headed "parent nuclide" indicates that the nuclide in 
question is forn<d by radioactive decay of the parent nuclide. 
Thus, successive decay of plutonium-241 leads to the formation of 
americium-241, neptunium-237, uranium-233 and thorium-229. 

The activity of radioactive ele~nts in ~uries per ton uranium as 
a function of time is illustrated in figure 13-~. The unit "curie 
per ton of uranium" is roughly the same as curie per waste cylin­
der in this case. 

7he fission products cesium-137 and strontium-90 heavily dominate 
during the first 100 years. Technetium-99 then dominates among 
the beta-emitting fission products for over a million years, af­
~er which it is followed by cesium-135. Of the alpha-emi~ting 
ite&vy nuclides, a111t'ricium-24l and -243 dominate in the beginning, 
fc!'oved by"a period of plutonium-239 dominance and fina!ly tho­
rium-229 dominance. Since alpha-radiation is more dangerous than 
beta-radiation on a per-curie basis, th~ toxicity of the waste 
after approximately 300 years will be determined primarily by the 
latter heavy nuclides. 

rle quantities give in figure 13-2 ap~ly for ?WR fuel vhich has 
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FigrtrT I J-~. Ra.iHJ«ti~ l'il'mmtJ ;, h.'glt-lt"Pei'MI!Tl'. It iJ 11S:sumfti that ~?proct'SSi~ tll/ct"S pi«l' 
tm yNn ll[tt"r dirhll~ of tht' spt"rrt [ut"l [ff"" thl' rNr:tor. 

been reprocessed ten years after full burnuo has be~n a~heived 
and the fuel has been discharged from the reactor. This time is 
of some importance for the activity of th€ high-level waste. Plu­
tonium-241, which is a beta-emitter, decays with a hnlf-life of 
14.6 years to americium-241. The longer the wait for reprocess­
ing, the more of this nuclide will be present in the waste. If 
the waste is only stored for three years before repr~cecsing, the 
amount of americium-241 given in figure 13-2 will ~ecrease to 
about 40%. If 3 much l01·;;er time passes before reproce~sing, the 
amount :Jf americ.i.t..m-241 will increase to roughly double the valt.;o 
given in the figure. The daughter nuclide neptuniuo-237 is n<'t as 
greatly affected, since .. significant portion of this nt~cl ide is 
formed directly in the ~eactor ~iA other nuclear. reactions. 

The alllt.)unt of plutonium formed in BWR fuel is somewhat lower than 
in the case of PWR fuel, and the portion of hezvy nuclides is 
somewhat lover for the same amount of fission products. 

It has been assumed throughout the safety analysis that the high-

--
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13.3.3 
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13.4. 1 

level waste comes from PwR fuel which has been reprocessed ten 
~ears following discharge from :he reactor and irradiated to 
33 000 MWd/tU. 

Oecay ~ in high-level ~ 

Figure 13-3 shows the decay heat in spent fuel and high-level 
waste obtained from reprocess:ng after tvo and ten years, respec­
tively. The decay heat is given in watts per ton uranium, which 
iu equivalent to watts per waste cylinder for the high-level 
waste. The curves are plotted for a residual uranium level of 
0.5 %, but the other parameters are the same as in the ; .eceeding 
section. 

SAFETY IN CONN~CTION WITH FJNAL STORAGE 

General background 

In crder to achieve a safe final storage ~f the high-level wast~, 
the =-adioactive substances ar·~ enclosed in a number of consecu­
tive barriers: 

chemical bonding to the low-soluble borosilicate glass 
encapsulation of the gla:;s in a number of metal casings 
storage of th~ encapsulared waste cylinders in good rock at 
a depth of sea m. 

O.C.V hat, W/ton ur•nium 
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Each one of these barriers provides protection against dispersal. 
But each one possesses different protective properties and there­
by also different protective functions which both reinforce and 
complement one another. 

In the final repository, the waste cylinders are deposited in 
boreholes on the floor of the tunnel. A buffer mass betwe~n the 
canister and the rock keeps the waste cylinder fixed in position. 
Escape and dispersal of the radioactive substances is also re­
tarded by sorption effects in the buffer mass and in tissures in 
the rock in the event the radioactive substances should penetrate 
through the inner barriers. 

Reqnirements on isolation of the radioactive substances diminish 
as their radioactivity decays. Only a combination of flowing wa­
ter and penetrated barriers can lead to a di~persal of radioac­
tive substances from the final repository. 

A distinction can be made between: 

Slow processes. 
Extreme events which lead to sudden dispersal of radioa~~ive 
substances. 

Slow dispersal of the radioactive S\!bstances is discussed in de­
tail in volume IV, chapter 6, so only a brief summary will be 
provided here. The probability of extreme events •hich c~n break 
thrnugh the rock barrier and cause rapid dispersal of the radio­
active substances is extremely low. The most important cases and 
consequences thereof are discussed in '•olume IV, chapter 7, and 
summarized here. 

Factors involved in the s!ow dispersal of radioactiv~ substances 

Th·~ analysis of the slow dispersal of radioactive substances en­
tails a series of calculations pertaining to various phenomena. 
In o~der for the results of the final calcula~ion to reflect the 
most unfavourable situation which can be postulated, the assump­
tions and data used in the various stages of the calculation must 
be chosen with a ccnsiderable margin of safety. As more reliable 
data Jecome available, these margins Lan be reduced. In the ana­
lysis reported here, a series of large safety margins have been 
stackeJ on top of each other. The cal~ulated final result there­
fore provides a picture which is probably several orders of mag­
nitude less favourable than what might actually be the case. 

In order for the slow dispersal of radioactive substances to be 
!)ossible at all, the ;netallic canisters around the glass bodies 
must be damaged ;_~, such a way that water comes into contact with 
the waste glass. If this happens, a slow leaching of the glass 
begins. 

Canister damage 

Two case~ of canister damage have been studied in the safety ana­
lysis: a) a canister i~ damaged at th~ time vf deposition, and 
b) the canister is slowly corroded. 

... __ 
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The metallic canisters will be fabricated under very rigorous 
quality control. The canisters wi 11 also be inspected' after fab­
rication for both leakage and weld flaws. 

In the industrial fabrication of metallic components under high 
standards of quality control, defect frequencies on the order of 
1 in 10 000 to 1 in 100 000 have been achieved. The canister in 
qeestion is made in three metallic l:Jyers - stainless steel, lead 
and titanium. This should even further reduce the frequency of 
damages which completely penetrate the canister. TI.e probability 
of initial canister damage is therefore judged to be considerably 
lower than l per 10 000 canisters. The total number of canisters 
will be approximately 10 000. 

One reference case which is studied is a damaged canister in the 
final repository. This single waste body is dealt with in the 
analysis as if it were unencapsulated and the entire glass sur­
face were accessible for leaching. This case is therefore also 
equivalent to damage to a number of canisters with only part of 
the glass surface exposed. Cases involving more than one ur two 
initially damaged canisters are de~med to be so improbable that 
they do not have to be considered. 

Tite encapsulation materials have been selected with the intention 
of achieving very gooc durability and service life under the pre­
vailing conditions. The properties of the canister materials are 
dealt with in section 6. 3. The question 'Jf the service 1 ife of 
the canister is also discussed in a report issued by the Swedish 
Corrosion Research Institute (Kl) and a sped;..lly a~pointed re­
ference group. 

Some of the members of this reference group estimated the peri.,d 
of time during which the canister is completely intact to be at 
least l 000 years, while other~ estin1ated its life to be at least 
500 years. 

It is clear from the KI report that these estimato.!S assume that 
local c'""lrrosion could be determining for ~he· time during which a 
canister is C<'mpletely intact. However, local penetrations of the 
canister after l 000 (or 500) years do not necessarily mean that 
the glass body in its entirety is exposed to the groundwater and 
its leaching action. 

It was not possible to perform a systematic analysis of how long 
a ti:ne it can be expected to take before the ent:re glass body is 
exposed after the capsule has been breached. Considering the time 
it takes for the general corrosion of titanium and the corrosion 
rate for lead in relation to the total amount of lead in each 
canister, it would probably take t~ns of thousands or hundreds of 
thousands of years. However, in lieu of more precise data, it is 
necessary to make an analysis on the basis of h}~othetical cases 
which can be regarded as being more unfavourable than actual 
cases in order to be on the safe side. 

As a reference case, it i.as been assumed that the canisters are 
bruken down gradually during the period from 1 000 to 6 000 years 
following the commencement of final storage. 

Calculations show that it is relatively insignificant for the 
overall risk assessment whether the service life of the canister 
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is taken to be at least 500 years or at least l 000 year~ (see 
chapter IV:6.9.4). 

Glass leaching 

I I I 

I~ water comes into contact with the waste r,lass, a vf'ry slow 
leaching of the subbtances in the glass takes place. The leachin~ 
rate depen..Js on a m.mber of· factors, the most important of which 
is the compositi0n and temperature> of the glass, the surface area 
with which tile water comes into contact and the water flow rate. 
Other factors which can be of importance are chemical conditions 
and changes in the structure of the glass due to ionizing radia­
tion from radioactive subst :mces or due to variations in the f :Jb­
rication of the glass. (See also sections 5.4 and IV:6.3). 

Experimental studies in France have establ ishec:! a leaching rate 
of 2 x Iu-7 per cm2 and day ilt a temperature of 25°C for typical 
waste glass produced by the French method. At a temperature "~ 
70°C, this leach rate increases by 3 factor of 10, and at 100 C 
by"a factor of 35. The temperature of the waste glass reaches a 
maximum of J.bout 70°C and dec 1 ines after 2 •JOO years to about 
30°C. 

.., 
Th~ geometric surface area of a -aste body is about 2m~. How­
ever, cracks may form during the manufacture and handling of the 
glass. As a result, th€. surface area which is theoretically 
accessible to water is greater than the geometric surface area. 
~ormally, the surf~ce area is increased by a factor of about 2-3, 
but in unfavourable rases, surface enlargement may be by a factor 
of 10. As an average value for the leaching surface, 10 m2 per 
glass body has been used in the safety analysis - i.e. 5 times 
the geometric surface area. 

Using these value~ for leache~ surfaces and leachi~g rate, a 
leached fractior of 1.7 x !O-J (17 millionths) per year and glass 
rody weighing approx. 420 kg i~ obtained. This would result in a 
rcmpl~te dissolucion of the glass after about 60 000 years 3ssum­
ing that the dissolved weight per year remains unchar.ged. In the 
calcul~tions which hav~ been carried out for one of the reference 
cases, a glass leach1ng pedod of 30 000 years has been used. 

During the first 150-200 years after commenced final storage, the 
temperature of the glass i~ considerably higher than 25°C. A 
glass leaching time of 3 000 years is theretor~ used for the case 
involving an initially damaged canister. 

At final sto!"age, the canister is emplaced, packed in a buffer 
mass, in rock through which the water flow rate is very low. Geo­
logical studies have shown that 0. 1-0.2 lit res per m2 and year is 
probable. In such an environment, the leaching rate wi 11 be 1 i­
mited by the water supply. This makes it difficult to carry out a 
precise analysis of the leakage of radioactive snbstances from 
the glass. Preliminary estimates indicate leaching rates which 
are only ab~ut 1% of those given above. 

Transit time for dissolved substancen 

The transit time of the radioactive elements through the rock 

----~ 
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from the final repository .to the biosphere is dependent upon tvo 
factors. One factor is the time it takes for the water to flow 
from the final reposit,ry to the primary recipient. Thi~ time 
varies widely depending on local conditions and the properties of 
the rock in question. Age determinations of grnundwater indicate 
flow times of seveTal thousand years from a suitably located 
final repository. To be on the safe side, a transit time for the 
groundwater nf 400 years in impervious roclc. has been used in the 
calculations carried out (or tr~ safety analysis. (See section 
7.4.} 

The second factor which d~termines the transit time for the. ra­
dioactive elen.ents is the retar:iation effect obtained through 
chemical reactions between these elements and the buffer material 
and the rock material. Different ~ypes of chemical reactions 
occur, mainly ion-exchange process~s, ion absorption, reversible 
precipitation and mineralization. These processe3 c• me under the 
general h£ading of sorption. 

Mineralization and prer.1p1tation are the most favourable process­
es from the viewpoint of safety. They ;ead to very low residual 
levels in the groundwater and effective retardation of the radio­
active t;lP.ments. It can be assumed on good grounds chat many of 
the elements in the wast~ participate in mine~alization and pre­
=ipitation reactions - for example cesium (mineralization) and 
pr~tactinium and americium (precipitation). 

However, sorption has been treated purely as an ion-exr.hange pro­
cess in the calculations of the transit tin:e for radioactive ele­
ments. As a re~ult, thP magnitude of the retardation has been un­
derestimated. The retardativn is described in the calculations by 
means of a retardation factor which is defined as the rati-: ht>­
tween the flow velocity of the water and the transport velocity 
of the element in question. 

The retardation factors can be calculated on the basis of chemi­
cal equilibrium constants which have been determined experimen­
tally. Within the projecr, such determinations have been carried 
out for various elements in contact with the groundwater and the 
buffer material (10% bentonite and 90% quartz sand) or gnnite. 
Comparisons have been made with fureign measurements. The follow­
ing table gives the retardation factors for the most important 
elements in the waste, both for impervious rock with a pcrmeabi­
lit! of lo-9 m/s and for pervious rock with a penneability l'f 
to- m/s. . 

Retardation factors for certain radioactive elements 

Element 

Strontium 
Zirconium 
Technetium 
Iodine 
Cesiur.~ 
Radium 
Thorium 
Uranium 
Neptunium 

Impervious rock 

57 
8 400 

l 
1 

840 
700 

5 200 
43 

:&o 

Pervious rock 

7 
450 

1 
1 

90 
76 

280 
3 

15 
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Element 

Plutonium 
Americium 

Impervious rock 

1 100 
84 000 

Pervious rock 

58 
4 500 
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A retardation f~ctor of l ~ans that the element migrates at the 
same rate as water, while a retardation factor of 700 ~an~ that 
it takes 700 times as long for the element to move the ~ame dist­
ance as the water. The given retardation factors are mean values. 
Different fractions of the dissolved quantity of a given el~ment 
. .,i 11 have lon~er or shorter retardation periods. This is taken 
into account in the calculations. 

The retardation factor for ~trontium ir. pervious rock (permeabi­
lity approx. 1}-5 m/s) given in the table has been confirmed by 
means of field tests conducted at Studsvik. 

The retardation o( the elements radium, thorium, urani•n, neptu­
nium, plutoni~m and americium is of great iMpOrtance for the 
long-range safety of the final repository. The values of the re­
tardation factors for neptunium and plutonium used in the calcu­
lations are probably too low by at least a factor of 10 (see 
chapter IV:6.5). 

Primary recipient 

E~cape of the radioactive elements through the various barriers 
(canister, buffer material, rock) can eventually lead to contact 
with the biosphere. Since the elements are disper~ed with the 
groundwater, such contact is achieved primarily in a receiving 
body of water. 

TI1ree main cas@S of primary recipients have b~~n studied: 

deep-drilled well clos~ to the final repository 
lake ctost> to the final repository 
Baltic Sea j 

These main cases a·.-e illustrated lhematically in figure 13-4. 

The annual leached quantities of radioactive elements which reach 
the primary recipient will be diluted in a relatively large vol­
ume of water. In the ca~e of the ~11, this has been calculated 
to be 500 000 m3 and in the case of the lake 25 million m3. 1ne 
calculations are based on the local ·onditionll at Lake Finnsjiin 
near Forsmark. These conditions are judged to be relatively un­
fdvourable in the case of the well, but representative for a 
larger number of sites in the case of the lake. (See section 
7.4.1.) 

When the radioactive elements have reached the biosphere via the 
primary recipient,, they can rea,:h noan in basically two different 
ways. ~o elements can be ingested into the body either through 
food and water or through inhalation. As long as they remain in 
the body, they can give rise to so-called "internd irradiation". 
Knowledge concerning the transport and enrichment of th~ radioac­
tive substances in the food chains is therefore of great import­
ance for being able to calculate thP. dose load on man. 

---

_J 



-· --. 
114 

'· .... 
"' :I .. 

BeltleS.. 

'Mil 
I -

Human ~eings c3n also be irradiated by radioactive elements out­
side of the bodv- "external irradiation". Figure 13-5 illustr<tt­
es some of the path~ through which radioactive elements in our 
environment can reach man. In ord~ r to es tab 1 ish the d.,se I oad, 
the radiation doses from inhalation <lnd from the consumption <"'f 
water and food have been calcuL~ted. Irradiation doses trom the 
handling of fishing tackle and from ground deposits and W<\ter, 
for example in connection with b~thing, have also been c<llculat­
ed. 

A matter of primary interest is to est~blish which inJividuals 
may receive the highest radi~tion do~cs. These persons can be 
identified 0n the basis of the occupation, diet, living condi­
tions etc. lf this information is combined with knowledge regard­
ing where· the radio~ctive substances fr<,m the final repository 
may reach the biosphere, the so-cal led "critical groups" can be 
identified. 
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From the three D•Jtflov ;:oint!! -wells, lake>t and the Baltic Sea 
- the radio,<~ctive sub!lta.nces disperse in.to the loc-'11 ecosystem. 
In the model which is uHed in the safety analysis, this is as!lum­
ed to co~rise 0.2S ~~2 of agricultural land plus a ~mall lak~ 
such liS Lake Finnsjon :1ear Forsmark or Lake G<>temaren north of 
Oskarshamn. Irrigation in the area employs well water or lake 
w11ter at the rate of a"out 200 litres per day. It is a!lsume<i th:lt 
the same ~upplies are used for both irrigati~n and drinking 
water. 

The radi,>active elements which enter the local eco!lystem accumu­
late in the surface layer of the ground. They are transported 
first by the groundwater and then by the surfare runoff. How fast 
the ele~ents cen enter into the natural water cvcle depends on 
the sorption properties of the ground. F.xposure has been calcu­
lated on the hasis of the activity whic.h reaches the local eco­
system via irrigation and the activity level which is obtained 
through long-t~rm accumulati.Jn in the ground. 

In the case where the outflow is into the Baltic Sea, the criti­
cal groups i:1 the coastal zone are exposed throu!h sea water, se­
diment and fish. The ecosysteo is a 2 km wide and 30 km long 
coastal section where the radioactive s•.1bstances from the rock 
repository enter the Baltic Sea. From the local ecosystem, they 
.1re further dispersed tiJ •Jther parts of the b"iospherP. Haw this 
happens is described in ·mluuoe TV, chapter 6. 7. 

Consequences 9_!. the slow dispersal of radioactive eler.~ents 

ThP con3equences of a slow dispersal of the radioactive elements 
h.1ve been analysed for the following case: 

the encapsulation on the wast~ containers ~~ penetrated af­
ter 1 000 year~ and all waste glass bodies are completely 
exposed to the groundwat~r after another 5 000 year~ 
the glass is le.1ched at a rate which leads to compl<'tC 
dissol-ution in -30 000 years 
the tr:msit time of the water in impervious rock from the 
final rPpository to the biosphere is 400 years 
as the radioactive substances pass through the rock. they 
are retarded in the manner described abov~. 

... __ 

These presump: ion !I entai 1 a number of conservative ~'lsumpt ions 
whiLh lead to an overestimation of the calculated radiation doses. 

The highest radiation dose in rems to a human being over a 30-
ye.1r period has been calculated as a function .Jf the time frum 
the start of final storage. The period of 30 years was chosen in 
accordance with tl•e common practice of counting this period ;~s 
one generation ;~nd since only relatively small r;~diation doses 
com~ into quest ion here. 

Figure lJ-6 shows a comparison between calculated maximum indi­
vidual doses for the case~ well, lake and Baltic Sea as primary 
inflow source~ into the biosphere. As is evident from the figure, 
tl1e well case gives ;~pproximately 15 times higher m.n.imu"ll dose~ 
th.1n the lake case and approl't. 1 500 times higher v;~lues than the 
Raltic Sea case. 
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Figure 13-7 shows the calculat~d maximum individual dose as a 
function of the time for different nuclides for the case where a 
well is the primary inflow recipient. 

The results show that the dominant nuclides are neptunium-237, 
uraniUlr'233, radiun-226 and technetium-99. It is noteable that no 
radiation doses app;•ar unti 1 after more than 1 000 years, due to 
the fact that the lea~-tita1ium canister remains fully intact for 
at least 1 000 years and that the transit time for water is 400 
years, Strontium-90 and cesium-137 decay compl~tely during this 
time. Furthermore the nuclides of americium and plutonium are re­
tarded for such a long time th~t they do not contribute signifi­
cantly to the calculated radiation doses. 

The dominant nuclides for the lake and Baltic Sea cases are cesi­
um-135 and neptunium-ZJ7. 

The dominant exposure paths in the well case are via drinking wa­
ter. The dominant radiation doses in thQ lake and Baltic Sea 
cases are those due to fish consumption. 

A comparison between slaw decomposition of the canister and an 
initially damaged canister (treated as a glass body without any 
canister at all) is illustrated for the well case by figure 13-8. 
1he latter case gives certain low radiation doses which appear 
after about 200 years, but the doses are far less than for the 
former case. The radiation doses due to slow decomposition of the 
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canisters are approximately 6 000 times higher than those from.•n 
initially damaged canister. 

Since it has been shown that the case with a well as the primary 
recipient gives rise to the highest radiatio.1 doses, the uther 
alternatives are of le9s interest in a discussion of maximum con­
sequences for individuals. As mentioned above, the d.ata and 
assumptions used in the chain of calculations have been selected 
with safety ;nargins which are quite considerable {n some cases. 
This leads to the radiation doses given by the upper curve in 
figure 13-9. If we instead use data and assumptions which can be 
regarded· as more realistic, the calculations lead to the radia• 
tion doses within the art'!& under the curve "probable conditions" 
in figure 13-9. 

The dose limits applied to nuclear plants are also included in 
the same figure for purposes of ccmparison (see chapter 12). In 
adJition, the range of variation fer natural ionizing radiation 
in Sweden and for the radiation doses which can be obtained from 
natural drinking water in Sweden are also given. The latter 
values have been calculated on the basis of measured levels of 
rad!um--226, using the same dose conversion factors as in the 
oti1er calculations. Only a few measured values are given for 
drinking water within the upper part of the variation range. The 
median value for all the 61 measured values corresponds to a 
radiation dose of 0.15 rem per 30 years. 
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As is evident from the figure, the calculated radiaticn doses 
from radioactive ~ubstances which may escape from the final repo­
sitory - even when large margins of safety are included in the 
calculations - are considerably below the li~it recommended by 
the International C011111iuio.1 on Radiological Protection (ICRP). 
They are also well below the value used for nuclear paver pla~ts 
in Sweden, although alight ly above the reconnended value used as 
a design goal for nev nuclear power plants. The ranges of varia­
tion for natural ionizing radiation and for radiation doses from 
n.atur. al drinking vate. r are c~nsiderably gre.ater than the calcu­
lated radiation dose from the final repository. 

In addition to the maximum r diation dose to a human being, the 
collective dose to the earth's total population has also been 
calculated. This calculation is rather c--mplicated (see vol11111e iV 
for a more detaile~ description). 

The collective dose to the earth's total ropulation has been cal­
culated both for the most unfavourable 500 year-period and for 
the first 10 000 years foll~Aing the commencement of final stor­
age. The results are largely independent of the path of entry 
into the biosphere. The collective dose frog the final repository 
for the most unfavourable sao year-period has been calculated to 
be about 2 000 manrems, i.e. 0.007 manrem per MWe and year of 
operation for 13 reuctors with a combined output of 10 000 MWe 
which are operated for 30 years. These 500 years occur after 
several hu!'ld!'ed thousand years. A collective dose of 30 000 
manrems i~ obtained for the first 10 000 yea•s, i.e. 0.1 manrem 
per HWe and year of operation. These collective dose values are 
based on the same unfavourable conditions as ~ere specified 
above. Both values are clearly within the gui~eline limit set by 
the radiation protection authorities of 1 manrem per MWe and year 
of operation for the entire nuclear fuel cycle. 

Consequences of extreme ~ 

Certain types of extreme events might have a considerable effect 
on the escape of radioactive s•tbstances fr0111 a final repository. 
Such extreme events include e.g. movements in the bedrock in 
connection with earthquakes or the creation ~c nev cracks due to 
other causes. Other events within this category includ• meteor 
impacts, acts of war, sabotage or some form of future human dis­
turbance. 

Rock move!lll!t.ts, earthquakes 

Rock movements could damage a final repository, either by creat­
ing nev paths for groundwater flow or by damaging the canisters. 
However, limited damage to the canisters will not substantially 
change the assumptions of the safety analysis, since a case with 
ii'litial canister damage has already been considered. 

A number o• studies have been conducted for the purpose of es­
tablishing the probability of bedrock ~vements vhich might af­
fect the safety of a final repository. 

The level of seismic activity in Sweden is very low, and very few 
earthquakes have caused uamage to the ground surface. 

l 
I 

.J 



120 

The faults which nave been observed in the Swedish bedrock are 
l~rgely the result of the tectonic and seismic events of approxi­
mately 1 800 million years, where the movement from millenium to 
millenium is on the crder of a tew mm. HowP.ver, larger fault 
movements have be~n observed and reported ~n areas with special 
zones of moveme~t, for example in northwest Sk1ne and in Norr­
botten County. The land elevation which followed the melting of 
the inland ice and is still proceeding is probably the primary 
cause of these recent bedrock movements. 

Bedrock movements are discussed in greater ~etail in chapter 
II: 7. 

Studies of the occurrence of earthquake!! in Sweden show that 
f'~rthquakes have been con centra ted to certain be 1 ts. Outs ide of 
these! belts, there are large areas wh~re no seismic activity at 
all has been observed. Magnitudes greater than 3.5 are rare, pven 
within the most active areas. 

The following relationship between magnitude and displacement has 
been estimated: 

Magnitude Displacement 

3.5 0.3 em 
4.0 0.6 ern 
4.5 1.5 em 
s.o 3.6 rm 

The Swedish bedrock e';hibits a pattern of fracture zones of vary­
ing si~e. Geological observations snow that new fissures and 
faults will be locat.ed in already existent joint p.lanes. In 
simple terms, this corresponds to the rrinciple that it is the 
weakest link in a chain which breaks. 

The probability that a final repository coveri~g km2 will be 
affected by a fault movement has been estimated to be less tho.n 
10-9 per year for Swen~n as a whole. 

It has also been shown that vertical rock displacements must be 
several dm in order to jeopardize the sealing capacity of the 
clay material. However, stresses in the canister material can 
reach considerabl~ proportions in the event of displacements of 
only a few em. 

In sunnary, studies carried out by KBS of bedrock movements which 
could have an adverse effect on the safety of the final reposito­
ry have shown that: 

the prob3bility of such movements in the Swedish bedrork is 
very low 
within areas which are surrounded but not intersected by 
fracture zones, the probability of new flow paths (cracks in 
t;le rock) onening is extremely low 
sections of rock which are found to have a high fracture 
content during the construction of the final repository 
should not be utilized for storage 
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neither the proposed buffer layer nor the canister will be 
damaged, even if bedrock movements of considerable propor­
tions by Swedisn 3~:~~ard •hould occur in the final reposi­
tory. 

The risk or damage to part of the final repository as a result of 
bedrock mov~ments is thus extremely low. If such damage should 
nevertheless occur, it will probably affect ~nly a.few p~rcent of 
th~ canisters. The consequences.of such damage are deemed to be 
of the same magnitude as those which have been calculated for 
slow ~anister decomposition. 

Meteorite !mpact 

If a meteorite should hit the surface of the earth directly above 
a final repository, ~ crater would be created which could w~aken 
the geological barrier or, at worst, eliminate it completely. 

Stt•dies of meteod te impacts which have occurred over a· period of 
2 000 mill ion years show that the probabi 1 i ty of meteorite impact 
which would create a· crater approximately 100 m deep is roughly 
lo-13 per year and km2. Historical experience also confirms the 
assumption that a meteorite impact is not a risk which has to be 
considered in this context. 

Acts of war and sabotage 

In the long time perspective which must be applied to the final 
repository, acts of war cannot be considered to be "extreme 
events". On the other hand, the possibility that acts of war 
might lead to serious consequences for the safety of a terminally 
sealed final repository at a d~pth of some 500 ~tres in the 
Swedish oedrock must be considered to be remote. 

Ground detonations of nuclear devices of lQ-50 megatons create 
craters in the rock with a depth of roughly l!Q-180 m. Thus, the 
geological barrier would not be broken through, but may well be 
weakened. In such a situation, however, this would be of subor­
dinate importance, since any release of radioactivity from the 
final repository would rep~esent only a fraction of the radioac­
tivity caused by the bomb, whic~ would remain in the ~rea for a 
long period of time. 

Wartime damages to the final repository and the encapsulation 
station during the deposition stage are, naturally, conceiveable. 
But the probability is low, since these facilities are not likely 
to be primary targets for military actions. The consequences of 
bomb hits and similar occurrences wil! also be limited compared 
to the situations which would otherwise be a result of sucn acts 
of war. 

Safeguards against sabotage as described in section 10.4 will be 
provided during the intermediate storage, encapsulation and final 
deposition stages. After the final repository has been closed and 
s.ealed, effective acts of sabotage are impossible. 

Compared to other installations which experience has shovn to be 
more likely targets for sabotage in terrorist actions, the faci-
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13.4.5 

lities described here are less attractive to potential saboteurs 
and are roughly comparable to other industrial plants ._here en­
vironmentally hazardous material is handled. 

Future disturbance by man 

It is conceibable that the knowledge of where the final reposito­
ry is located may be lost in the distant future and that man at 
that time may, for some reason, perform drilling or rock \lork 
'olhich results in contact 'olith the \laste. The final repository is 
situated in one of O"r most coUIIIOn types of rock which does not 
contain any valuable minerals which could conceivably be consi­
dered for profitable extraction. The depth Qnd 10\1 \later content 
of the impervious rock selected for this purpose makes it highly 
improbable that deep ._ells will be drill~d for \later in the 
future. t~o reason can be seen for seeking out such gr'l!at depths 
for the constructi,Jn of rock storage vaults or the lik<!. Fur•:her­
more, the loss of the kno\lledge of the location of. the final na.­
pository \lould presuppose th~t our currcfit civilization \lould be 
destroy~d a~ a resuit of some catastrophic event such as a global 
wa.:- of extennination or a ne\1 ice age. If the country is then re­
populated again, the risks mentioned here \lould arise, but unly 
after the new population had achieved a level of technological 
development which permitted advanced rock \lork. In such a case, 
it is probable that such a civilization \lould also possess the 
ability to d..!tect the radioactivity in the final repository and 
act accordingly to avoid damage to the repository. A new g!acia­
t ion of the count 1·:,· \lould not be expected to affect the integrity 
of the final repositu~y. (See section II:7.7.) 

Summary safety evaluatio~ of final storage 

The high-level \laste from t;e reprocetqing of ~pent nuclear fuel 
is vitrified and encapsulate,-! in lead-titanium caniste1 s after 
'olhich it is emplaced in goud .·ock at a depth of 500 m, lolhere it 
is packed in a bed of buffer m.'terial (90% quartz sand and 10% 
bentonite). The safety analysis of such a final stora&e shows the 
following: 

1 During the period of at lea~;t 1 000 years lolhen the leadtita­
nium canister is completely intact, the el~ments strontium-
90 and cesium-137 decay almost completely. 

2 Initial damage to an individual canister \lould not lead to 
any measurable increase of .:he ro.diation level. 

3 A slO\I breakdown of ::he canister could, after several thou­
sand years, 1 ead to a s 1 igh1: increase of the leve 1 of radio­
activity in the environment. The elements plutonium and a~­
ricium are retained· in cracl:s in the rock etc. This slight 
increase comes primarily frum neptunium-237,. te-:hnetium-99, 
radiunr-7.26 and uranium-233 ~·s wll as cesium-135 and iodine-
129. 

4 In the most u~favourable case - a deep-drilled drinking ~a­
ter .. ell near the final repos1tory- the radiation dose to a 
human being in the future could increase by a maximum of 13 
millirems per year. This increas~ is less than the local 
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variations which occur in the natural radiation at various 
places in Sweden. (See figure 13-10.) 

The calculated maximum radiation doses are considerably low­
er than the maximum permissible radiation dose for indivi­
duals recommended by the ICRP. 

The calculated maximum radiation doses are well below the 
SwediRh limit for nuclear power plants, but of roughly the 
same magnitude as the guideline value which is applied as a 
design goal in the construction of new nuclear power plants. 
(See figure 13-10.) 

The probable amount of additional radiation is less than 1% 
of the maximum value specified in point 4. This is due to 
the fact that the decomposition of canisters and lec1chiil~ of 
glass at the low water flows which occur at a depth of sao m 
in solid rock can be expected to take place at a considerab­
ly slower rate than what has been assumed in the calcula­
tions. Furthermore, these calculations ~re based on a re­
tardation factor for neptunium and a water transit time 
which have both been conservatively selected •. 

The regional and global d&se load on large population groups 
has been calculated over the most unfavourable sao-year pe­
riod in the future. In the very long run, a maxillllJIII sao-year 
dose of ap~ro~imately 2 000 manrems can be obtained, which 
corresponds to a.007 manrem per MWe and year of operation. 

Even in the most unfavourable case, with extremely conserva­
tive data in the calculations, the health hazards are ex­
tremely small, if any. 

The calculated collective doses cotrespond to 0.4 cases cf 
cancer and a.4 cases of genetic defects for the population 
of the entire earth over a period of sao years. The present 
frequency of mortalities due to cancer in Sweden is approxi­
mately 20 aao per year. Of all persons bot"n, approximately 
F are afflicated with natural hereditary defects, which 
means that some 3 000 cases occur annually in Sweden. The 
given values for medical effects have been calculated on the 
basis of the intet"nationally accepted relationships between 
radiation dose and maximum medical effects. Many factors 
indicate that these assumptions overestimate the medical 
effects at the low dose values and dose rates which are in 
question here. 

The calculated increase of the level of radioactive elements 
in the recipients to which the waste p~oducts may conceivab­
ly spread is comparable to the natural levels of such sub­
stances. Neptunium-237 can be compared to uranium and cesium 
to potassium. The following table shows the ranges of varia­
tion for the level of certain elements in natural water and 
levels which have been calculated for the various primary 
recipients in th£ most unfavourable case. 
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Radioa..:tive 
element 

Levels in natural 
W.Jter in Sweden · 
(pCi/1) 

Maximum calculated 
increase of level in 
primary recipients 
near the final 
repositorya) 

Drinl;ing Sea b) Well Lake 
water water 

Radium-226 0. 1-40 0.3 0.1 0.002 
Uranium O.l-1500c) 3 30 0.6 
Neptunium-237 90 2 
Potassium-4od) ca 20 330 
Cesiian-135J) 25 0.5 

a) Expected maximum values are approximately 100 times 
l'e~a. 

b) With 3.5% salt content. 
c) Natural water (not necessarily drinkin· water). 
d) Potassium-40 and cesiWll-135 arc biobgically co'llpar­

able. 

The radiatio:~ dose from r:tdium-226 in drinking water is 
shown in the comparison ~llustrated in figure 13-10. 

Even in tht.! case where. a number of unfavourable assumptions 
have b~en made, the c&lculated changes in the radiation en­
vironment are ,_onsicil'rably less than normally occurring na­
tural variati :ms. Tr-ese natural variations do not ha,•e any 
effects on '"ither ~ran or ecological systems which can be de­
ti!Onstrated today. The calculated maximum radiation doses due 
to leakaP,e from J final repository are below the limit val­
ues for nuclear ~ower plants which have been issued by the 
radiation prote~tion authorities in Swed~n. The proposed 
lllt!i.ill,.i fur the;'final storage of high-level waste glass is 
thet·eforc; del-fled to be absolutely safe. 
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14 ·SKELETON PLAN FOR CONTINUED WORK 

The studies conducted under the auspices of the KBS Project have 
largely been concernP.d with the review and processing of existing 
knowledge and data, but the work in a number of areas has been of 
a development nature. The need for further research and study is 
urgent in a number of areas in order to gather suf:icient infor­
mation to serve as a basis for a technically/economically opti~m 
design of the various phases in the handling and storage chain. 

Thus, the work which has been done by KBS should be followed up, 
both by development work and by effo~ts aimed at gradually in­
creasing the degree of specification for the facilities whose 
construction is most imminent. It is of the utmost importance 
that activities and developments in other countries be continuos­
ly followed and that opportunities for co-operation be fully ex­
ploited. 

The various plants for the handling and storage of high-level 
waste have to be completed at very disparate points in time, as 
shown in chapter I:3. The transportation system and the central 
fuel storage facility must be commissioned within a few years and 
an intermediate store by 1990, while the encapsulation sta~ion 
and final repositJry will not be required until around 2020. 

Tht! skeleton plan shown in Hgure 14-1 provides an approximate 
schedule for the completion of the various installations in vari­
ous phases. The major feature of the activities pursued during 
the different phases are described below. 

!!!.!~.!. (1977-1978) 

This phase ~~~ompasses a KBS activity period which is expected to 
continue \.~ mid-1978. Efficient completion of the activities be­
gun by KBS requires that the question of responsibility and or-
gani must be decided before .the end of tnis phase. 

Phase 2 ,1978-1984) 

During this phase, the transportation system and the central fuel 
storage facility will be completed and commissioned. 

Study and development work during this phase will be pursued in 
accordance with a :nulti-year plan aimed at a presentation of the 
total results at th,'! end of the phase. The plan will r.ncompass 
hydrogeclogical studies, refinement of models for the migration 
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of nuclide1 in the groundwater, continued studies of buffer and 
encapsulation materials and design of the final repositot·y. 

During this stage, a major non-radioactive experiment should also 
be conducted whereby the function of various barriers can be 
studied on a relatively large scale under conditions which stimu­
late the actual environment in t~e final repository. The heating 
tests which are being conducted at Stripa in co-operation between 
the USA and KBS/SKBF will be completeJ during this phase and the 
results can be used in future tests. 

A con~iderable internaticnal exchange of knowledge and experience 
vi 11 be pursued during this phase. 

~ 1 (198~1999) 

During this phase, the intermediate store for vitrified waste is 
expected to be completed and put into operation. The schedule for 
the~e activities will be contingent upon when the waste is re­
turned to Sweden. According to an agreement between SKBF and 
COGEMA, this will be 1990 at the earliest. The question of the 
joint siting of the encapsulation st~tion togetheT with the in­
termediate store or the final repository (see chapter 1:11) must 
be clarified before design work on the intermediate storage faci­
lity can commence. 

Efforts with respect to encapsulation ~thodology and the design 
of the final repository will primaril; entail a follow-up of the 
teLhnical developments and some camplementary internal efforts. 
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Phase ~ (2Q00-2010) 

If a final repository is to be reday to accept high-level waste 
by 2020, the final choice of the site should be made at the be­
ginning of this phase. 

Full certainty as to whether the studi~s conducted £r~ the sur­
face have provided a correct picture of the actual conditions be­
low the 1urface will not be obtained until certain shafts and 
tunnels have been built. A final verification that the rock in 
the selected area possesses the required characteristics should 
therefore be carried out in tunnels constructed at an early 
stage. If it iu thereby found that the area is unsuitable, an­
other area must be selected. Even though such a development is 
highly unlikely after the extensive preliminary studies which 
have been carried out, the schedule should take into account such 
a contingency. 

During the to-year period from the time when the first shaft has 
been sunk and the work on the main parts of the repository has 
been begun, there is sufficient time to build and study a pilot 
plant at the right depth and in the right environment. But it is 
doubtful whether such a pi lot plant is economically justifiable. 

Phase 1 (2011-2020) 

Final engineering and design work will be completed during this 
phase, alo.1g ·•ith construction of ti-e encapsulation station and 
parts of the final repository. 

~ ~ (2021-?) 

During this 1=hase, the encapsulation station is ~n oper.1tion and 
the fin a 1 re;•os i tory is gradually filled vi th waste canisters. 
Construction of the final repository is completed simultaneously 
during the first part of the phase. 

Af~er the repository is filled with canisters, tunnels and shafts 
are sealed, surface installations are disma:1tled and thE" land­
scape is restored. The authorities can be expected to prescribe 
cert3in ~.Jeasurements and other control measures after the closure 
and ser.ling of the final repository. 

--
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STATUS REPORT ON DIRECT DISPOSAL OF SPENT 
FUEL 

INTRODUCTION 

Parallel with the present study of the handling and storage of 
vitritied waste from reprocessing, the alternative method of di­
rect disposal of s~ent fuel has been studied. Following is a re­
port on the status of these sturlies, which will be presented in 
greater detail later on in a separate report. 

FUNDAMENTAL PRINCIPLES 

In the case of direct disposal the spent fuel is placed directly 
in final storage without prior reprocessing. 

As is the case of the reprocessing waste, and for the same rea­
sons, deposition in the final repository will oe preceded by a 
period of intermediate storage followed by en~apsulation. 

The intermediate otorage facility will have water-filled pools in 
which the fuel elements will be s~ored dry in containers of 
stainless steel. This storage method is similar to the one used 
in th~ central fuel storage facility, except that the fuel does 
not come into contact with the water. The surrounding water pro­
vides the necessary cooling and radiation shielding. In this way, 
the intermediate storage facility will provide a natural continu­
ation of the funr.tion of the central fuel storage facility. It 
has therefore been assumed that the intermediate storage facility 
will be located adjac~.t to the central fuel storage facility. 

While the spent fuel is being kept in intermediate storage, it 
may be decided that reproce~sing ~ould be desirable in order to 
recover the remaining energy content of the fuel in9tead of dP.po­
siting it directly in a final repository. The stainless steel 
container is therefore designed in such a manner as to permit 
removal of the fuel elements from the container. 

As in the case of vitrification, a storage period of at least 30 
years in the intermediate storage facility is foreseen. The fuel 
can then be deposited in a final repository of a design similar 
to the one proposed for vitrified reprocessing waste. Before de­
position, the fuel will be encapsulated i.n a canister in an en­
capsulation station situated adjacent to the final repositorJ. 

The intermediate storage fa~ility is designed f~r a capacity 
corresponding to 6 000 metric tons of uranium <.nd the final repo-
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si tory for 9 000 tons - the same capacity· as for the reprocessing· 
alternative. Since we do not know at this stage to what extent 
the two a 1 ternati ves wi 11 be used, this report is l:ased on the 
theoretical choice of "either or". In actuality, both alter­
natives may very well be employed, whereby the facilities will 
have to be adapted accor~ingly. 

3 CHOICE OF ENCAPSULATION MATERIAL 

3.1 GENERAL 

As with the vitrified waste, the purpose of encapsulation is to 
provide the fuel with a corrosion-resistant casing to protect it 
from the groundwater in the final repository. Metallic encapsu­
lation materials shall also provid~ radiation shielding to reduce 
radiolysis of the groundwater to a negligible level. 

Since the toxicity of the spent fuel declines more slowly than 
that of the reprocessing waste, an inventory of possible enca~stJ­
lation materials has been carried out aimed at finding materials 
with longer service lives than the combination of lead-titanium 
chosen for the vitrified r~processing waste. Availability, econo­
r;r/ and ease of fabrication have been taken into consideration .. 

On the basis of the results of this inventory, copper and two ce­
ramic materials - alpha-aluudnium cxide and a g!assceramic mate­
rial of the betn-spodume type - have been select~d for closer 
.>t:udy. 

A- pha-alullli.niun oxide (co·rundum) is one of the most durable cera­
m; c materials known. It w.lS proposed by .\SEA, who have developed 
a potentially suitable fal ~ication method based on high-pressure 
isostatic compaction. 

Work is being done on the glass-ceramic alternative in coll~bora­
tion with Corning Glass Works in the United States. But this work 
has not yet reached the point where any definite conclusions can 
be reported. 

COPPER 

Copper does not react at all with oxyg'!n-fret~~, pure water, which 
is v•rified by thermodynaudc calcula~ions. However, copper can 
react with oxidizing substances present in the grounciwater, which 
may be present in concentrations of a few tenths of a milligram 
per litre. These or;idants arc mainly oxygen, raditJlysis products 
and sulphate and/~Jr sulphide in combination with bacteria. 

Groundwater experts are agreed thdt very little dissolved oxygen 
is present in the groundwater at the depth~ in question here. 
There is also little formation of oxidizing substances as a re­
sult of water radiolysis, due to the fact that the canister has 
thick walls. 

The question of whether sulphate and/or sulphide can, in combina­
tion with bacterial action, cause corrosion to copper is under 
investigation. 

-·--
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The maximum attack on copper is limited to that caused by the 
oxidizing substances in the water which come into contact with 
the surface of the copper c~nister, whereby diffusion effects 
must be taken into consideration. By limiting the quantity of 
these oxidizing substances, it is possible to limit material 
losses due to copper corrosion. 
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Section 4.3 below describes a method of surrounding the canister 
with the same mixture of quartz sand and bentonite which is used 
for the reprocessing alternative. The canister is deposited ho­
rizontally in r.he storage tunnel, whereby it is enveloped in a 
tt.ick bed of this material, which possesses very low perme:tbili­
ty. If the cc~rosion ~ttack on the canister is evenly distributed 
!!nd if only small quantities of water can come into contact with 
the canister, it can be shown that corrosion is negligible, even 
over a period of millions of years. 

Corrosion attacks on metals can, however, be of a local nature 
and may take the f.ol'11l of, for example, pitting. In pitting, ero­
sion of the copper metal can be concentrated to a small part of 
the copper surface, whereby the time required for penetration is 
reduced proportionately. On the basis of earlier corrosion tests 
conducted on copper in various surface soils, the time required 
for the penetration of 20 em of copper has been estimated to be 
at least 5 000 years. Continued study of pitting in the environ­
ment surrounding the canister will probably reveal a considerably 
longer canister life. 

Detailed studies have shown that cracks are unlikely to oc·.:ur in 
the buffer material surrounding the canister. If such cr!i~~s 
should nevertheless occur, there may be a local inflow of oxidiz­
ing substances to the surface where a crack is in contact with 
the canister, resulting in local corros~on. 

Investigations of buffer materials other lhan quartz sand and 
bentonite are underway. The characteristics of compacted bento­
nite, asphalt and a mixture of MgC and Si02 are being studied. 

A design proposal for a copper canister is shown in figure Bl-1. 
The canister is fabricated from pure copper by the forging of a 
cast block which is then turned down on a lathe to the desired 
final external dimensions. After boring of the internal cavity, 
the opening end is turned to receive a lid. The lid is in three 
parts which are fastened by means of electron beam welding 
followed by helium leak-tracing on each part. 

3.3 ALUMINIUM OXIDE 

' In aluminium oxide, alumini~ is in its stable oxi~ation state, 
which means that no redox reactions will take place in an aqueous 
~nvironment. The concentration of oxygen in the groundwater is 
therefore of no significance in this case, unlike in the case of 
copper. 

But the oxide is not thermodynamically stable in water. A hydra­
tion takes place on the surfacP.. At temperatures lower than 
1C0°C, aluminium hydroxide is thereby obtained in amorphus or 
crystalline form. Crystalline aluminium hydroxide occurs in 

---
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Figu~ 8 1·1. Cop~ canister ,ri ,,. di~?CI disposal of spnrt nuciNr [Ud 11re canister hlzs 7 containers 
with jUt!! elt!mentJ fnm a boili~ water rmctor. 11re wright of th!' canister wirhotlt [Ut:l is about 
20,. .erric tons. 

nature a~; the mineral gibbsi :P and is m.;re stable and le!iS 
soluble than the amorphous form. 

In freely flowing water at 90°C and PH 7, a corrosion rate of 0.2 
~m/year has been measured. On the basis of other results, the 
corrosion rate at PH 9 is estimated to b~ 2 um/year. Assuming a 
constant rate of corrosion, the latter value would correspond to 
a material loss of 20 mm in 10 000 years. In the case in ques­
tion, much less corrosion is expected, due to a lower tempera­
ture, the presence of ions in the groundwater (which can produce 
a le!is soluble surface layer) and the slow rate of water flow. 
Under these conditions, corrosion can be expected to be prac­
tic~ll} ne&ligible. 

Local corrosion in the form of pitting and crevice corrosion does 
not occur on ceramic materials. Intercrystalline corrosion can 
also be disregarded in the case of aluminium oxide, providing the 
material is of sufficient purity. A factor which must be tdken 
into consideration, however, is a form of stress corrosion crack­
ing which can lead to delayed fracture. This form of stress 
corrosion cracking occurs in oxide-based ceramics in aqueous en­
vironments. Tensile stressP.s in the material lead to intensified 
{;O'~"rosion at the ap'".X of crac'!ts, which gradual,ly g':'ov and can 
iead to fracture. 

In orcier for delayed fracture to occur, he material must contain 
a defect of sufficient stress-raising character as ~~gards depth, 
extent and form. In a single-phase material such as aluminium 
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oxide with small grain size, it is improbable that intercrys­
talline corrosion will lead to defects of such a critical magni­
tude. 

In order to llirlplify canister fabricatior.., the ~anister should be 
shorter than •.mat 'oiould be requi:'ed if it were to accolTIIIO~ate 
full-length fuel rods. A method for rolling fuel rods encased in 
a tight metnl ~asing into spiral form has therefore been develop­
ed. The rol.ls are placed on top of each other in the canister, 
whosQ len~th is determined by the number of rolls which it is tJ 
contain. 

A dP.sign p-roposal for a ceramic canister is shown in figure Bl-2. 
The capsule is· fabricated at a pr'"sl'ure of 1 OCO - 1 500 bar and 
a temperature of 1 350°C. The ceramic thermal barrier inside the 
canister is intended to keep the temperature of the fuel down 
'olhen the semispherical lid is joined to the canister. 

~.4 SUMMARY 

In view of .the fact that further investigation and development 
work remains to be done on ceramic canisters 'oiith respect to 
corrosion properties, risk of delayed fracture and fabrication 
technique, attention is being concentrated primarily on direct 
disposal of the sp~nt fuel in copper canisters. The work with ce­
ramic canisters 'oiill continue. The choice of encapsulation mate­
rial and deposition technique may also be influenced by the fact 
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FiguiT Bl-2. Ce1"11mic C'tlnistcr of aluminium oxide. 17re fuel rods arY rolled intc spirals prior" to 
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that the buff~r mixture around the canister may be replaced by 
some other material. 

The Swedish C~rrosion Research Institu~e and its reference group 
of specialists in the field of corrosion and materials has, under 
contract from KBS, studied the corrosic..\ resistance of the 
proposed encapsulation materials. In a sta~us report dated 27 
September 1977 (and reproduced in !<BS ~echnical report No. 31}, 
the following assessment of the service life of a copper canister 
and of an aluminium oxide canister is presented: 

"Copper is a relatively noble metal and is therefore thel"'III­
dynamically stable in oxygen-free, pure water. The gro~nd­
water which comes into contact with the canist.er wi 11 pro­
bably contain oxidants which may cause some local corrosion. 
But a service life of at least 5 000 years i~ considered ~ 
r£dlistic estimate, on the ~asis·of our present state of 
knowledge. 

Some uncertainty exists, however, with regard to whether 
sulphate in ~he &roundwater could, in combination with bac­
t~rial action, cause an attack on the copper. Such an attack 
would require access to organically bound carbon. In order 
to reduce the risk of such attacks, a low concentration of 
organic substances in the groundwater and in ~he buffer ma­
t~rial is desirable. 

Local corrosion due to the action of sulphate should be 
studied more thoroughly. 

Aluminium oxide is not a thermodynamically stable material 
under the conditions in question. A hydration of the surface 
layer and some dissolution takes place U?On contact with the 
groundwater. But on the basis of currently available know­
ledge, both the dissolution and the growth of the hydrated 
zone appear to proceed very slowly. 

The risk of delayed fracture in this material cannot be ex­
cluded in theory, but it should be possible to fabricate and 
emplace the canister in such a manner that the risk of de­
layed fracture with the proposed design is negligible. Pro­
vided that it is possible to fabricate a canister of this 
material of sufficient purity and quality (as regards e.g. 
cracks and internal stresses}, this alternative would appear 
to provide the necessary prerequisites for achieving a very 
long service life. Before a final evalua':ion can be made, 
however, more detailed investigations of ~orrosion in the 
environment in question would be desirable - especially with 
regard to hydration and delayed fracture." 

The specialists in the Corrosion Re~earch Institute's reference 
group are in unanimous agreement with these conclusions. Supple­
mentary statements by some members of the reference group were 
appended to the Institute's status report. 

In one of the supplementary statements, it is stated th~t the es­
timates given in the status report are cnnservative and represent 
a lower limit for the durability of the encapsul2t1on material. 
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I. is furthermore submitted that on the basis of existing know­
ledge, it is highly probable that further study vill reveal a 
considerably longer life for the encapsulation material. KBS 
shares this opinion. 

DESIGN Of FACILITIES 

INTERMEDIATE STORACE 

It is assumed that the intermediate storage facil~ty will be lo­
cated underground adjacent to the ..:entral f•Jel storage fad lity 
(see I:4), 

Iu the central fuel storage facility, the fuel is stored in di­
rect contact vit'- the water in the spent fuel pools, which pro­
vides good cooling. After about 10 years of storage, the heat ge­
neration in the fuel has decreased to such a level that dry 
storage is possible without the fuel bec,-.ming excessively hot. 

When the fuel is to be transported to the intermediate storage 
facility, it is conveyed undeT"Water in a chan~el from the central 
fuel storage facility up to a position underneath a cell (see 
figure Bl-3). The cell is encl~s~d in concrete of sufficient 
thickne~1 to provide adequatP radiation shielding. The fuel ele­
mentll are hand led· in the ce 11 via remote contro 1. They are 1 i ftE'd 
up out of the watf'r into the cell and allowed to dry. They are 
then placed in a stainless steel container with 2 am thick valls, 

Receptioft 
S~of 
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E~'-tiott 
in c:omatnen 
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one element in each container. The container is fitted ·wit~ a 
lid, which is welded tightly. Following quality control, the con­
tainer with the fuel elements is lowered into the water in the 
channel underneath the cell and placed in a c•ssette with room 
for a number of containers. 

The cassette with the fuel containers is carried on a wagon which 
runs on tracks in a channel to the rock cavern in which the con­
tainers are to be stored. Th~ rock cavern contains storage pools 
similar to those found in the central tuel storagP. facility. The 
cassette is placed in position in a pool by means of an overhead 
crane. The intermediate storage facility has two rock caverns, 
each with a storage capacity corresponding to 3 000 metric tons 
of uranium. The total capacity of the facility is thus 6 000 met­
ric tons. 

The central fuel storage facility wi 11 have a capacity of 3 000 
metric tons. If the total quantity of fuel to be stored is 9 000 
tons, these two pools may also be used for storing fuel contain­
ers, rendering further expansion of the intermediate storage fa­
cility unnecessary. 

The fuel is stored dry in hermetically sealed containers. The 
water in the pools surrounding the containers provides ~dequate 
cooling and radiation shielding. 

The advantage of dry storage is that the fuel is not exposed to 
the corrosive action of the water. The wat~r in the pools is not 
contaminated by damaged fuel,so the demands on th~ filtering sys­
tems can be reduced. 

Afler at lease 30 years of storage, the fuel con~ainers are 
checked for leakage and transferred to the encapsulation station 
at the final repository. The same transport casks which are used 
to transport fuel from the power station to the central fuel 
storage facility are used to transport the contuiners to the 
final repository. 

If the fuel is to be sent away for reprocessing, the containers 
could be opened and the fuel elP.ments removed in the same cell 
which was used to encase the fuel in the containers. 

4.2 ENCAPSULATION STATION 

In the encapsulation station, ""hich is located above ground ad­
jacent to the final repository, the fuel containers are encased 
in a copper canister before being deposited in the final reposi­
tory. 

The reason why a surface location has been chosen in this case is 
that the facility requires a relatively large building volume. 
Locating the facility underground would involve restrictions on, 
among other things, maximum spans, making it mor~ difficult to 
optimize th~ design of the plant. TI-.e quantity of fuel which can 
be handled in the station at aDy one time is relatively small. 
Furthermore, the fuel is continuously enclosed, either in the 
container in which it was placed in the intermediate storage fa­
cility or, at a iater stage, by the copper canister as well. 

... ~------, 
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The design of the facility is shown in figure Bl-4. 

The transport cask arrives from the central fuel storage facility 
at the station's receiving section, where it is lifted from its 
trailer, cooled and washed. it is then lowered in ~o stages into 
a pO\Jl and placed on a wagon which takes it .to an unloading posi­
tion. Here, the fuel containers are lift~d out of the water into 
a cell, where they are dried, inspected and placed in a copper 
canister. The canister shown in fig. Bl-1 can hold 7 8WR ele­
ments. A canister which is 100 mm larger in diameter is used for 
PWR elements. It holds 4 PWR elements. 

The filled canister is transferred via a lock, where it can be 
washed down with water, to an encaps•tlation cell. In this cell, 
the canister is fitted with a lid w;,ich is fastened by means of 
elect~on beam welding. The lid is in three parts, due to the pe­
netration limit of existing equipment for this type of welding. 
It will probably be possible in the future to weld thicker mate­
rial, in which cilse the lid can be made in ~o parts. 

The weld i.s inspected ultrasonically and by means of helium leak­
ag~ tracing. The canister is then ready to be transferred to the 
final rep~sitory. 

Fl~AL REPOSITORY 

As in the case of the reprocessing alternative, the final ~eoc~i­
tory eon!'ists basically o: a system of parallel storage tunnels 
situated approximately 500 metres below the surface, with appur­
tenant transport and service tunnels and shafts (see fig. Bl-5). 
The storage tunnels, however, are of greater height - 4, 9 m -and 
the repository occupies a slightly larger area - 1.2 km2. 

The revo~itory has been designed for horizontal deposition, i.e. 
the canisters are empla~ed horizontally in the longitudinal di­
rection of the tunnel (see figs. Bl-6 and Bl-7). BecausP. the ca­
nister is so long (4.9 m), deposition in vertical holes- as in 
the vitrification alternative - is less convenient and requires 
considerably greater tunnel height. Horizontal deposition also 
permits a much thicker layer of buffer mat~rial (sand/bentonite) 
around the canister than is possible with a vertical, drilled 
hole. As ~as noted in section III:6.J, a cvmpacted sand/bentonite 
fill possesses such low permeability. and other proper,.iec: that 
only very small quantities of water can come inti"' contact vith 
the canister. 

The quartz sand and bentonite filler is deposited as follows: 
first, a bed of material is laid down and c~acted in the sa~~ 
manner as th~ core of an earth dam for a hydroelectric pove' sta­
tion. The copper canister, which is transported from the encapsu­
lation station duvn to the level of the final repository via an 
elevator and then on to the deposition site via a specially de­
signed vehicle, is then deposited in a channel in the bed (see 
fig. Bl-7). The channel is formed by compacting the upper part of 
the bed around a dutmty canister vith the same dimensions as a 
real canister. Wh~n all canisters have been emplaced in this man-

I 
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ner in a storage tunnel, the tunnel is filled completely with 
sand/bentonite, which is applied by spraying. The ends of the 
storage tunnel are sealed with concrete walls. 

All work associated with the deposition of canisters and the 
spraying of buffer material is perfonaed with equipment in whic..'l 
the personnel are protected against radiation. A temporary radia­
tion shield can be positioned above the canisters when they are 
emplaced in order to permit persons to enter the tunnel without 
radiation protection. This temporary protection is then removed 
when the canisters are to be covered with buffer material. 

When the entire repository has been filled with canisters, tran­
sport tunnels, shafts and other cavities in the rock are sealed 
in the same way as was described for the vitrification alterna­
tive in section III:6.7. 

TRANSPORTATION SYSTEM 

The same transportation system as is used for transporting sp.ent 
fuel from the nuclear power plants to the central storage facili­
ty can be used for tranr~~rting the fuel from the intermedia~e 
storage facility co the encapsulatiryn station at the final repo­
sitory, The required number of transport casks and sea ~ransports 
is also the same. 

J 



-~ 

146 

• 

r-·-·-·-~ 

• 

• 

• 

[J ~ ~ ~ . I 
~ ' 

\ [--------=-- -=-~s~::::~------ --------- -~ 

! 
l 



I 

• 

--
147 

6 SAFE'fY ANALYSIS 

6.1 GENERAL 

The main differences between the direct disposal of spent fuel 
and the final storage of vitrified high-level waste 'Which may '.Je 
pertinent to safety considerations are: 

The amounts of uranium and plutonium 'Which are depo~ited as 
waste in direct disposal are 200 times greater than in the 
case of high-level vitrified W3Ste, The waste also contains 
a number of other radioactive products 'Which woul•J otherwise 
be separated in reprocessing. 
The first barrier r.onsists of the relatively inso.uble fuel 
and its cladding instead of the borosilicate glass 
The canister is made of copper or a ceramic materia' .. 
~e canister is de'l)osi ted horizontally in the storag.~ tunne 1 
and embedded in a buffer material of considerably gre.,ter 
thickness than in the case of vitrified reprocessed wa~·te. 

6.2 RADIONUCLIDE INVENTORIES 

6.) 

In the direct disposal of spent fuel, uranium and plutonium are 
deposited as vaste. One secondary effect is that radium is formed 
as a daughter product of uranium. Krypt~n-85 and the tritium and 
carbon-14 which is left in the fuel are also deposited. 

The radionuclide inventories for the two alternatives are report­
ed in chapter IV:). 

THE FUEL AS A BARRIER 

The uranium dio~ide fuel possesses very low solubility in water. 
9G-99.9% of the fision products are present in the uranium diox­
ide itself and are therefore inaccessi~le for leakage in the 
event of canister failure. Practical experience is available from 
many years of storing damaged fuel canisters in pools of water. 
This experience shows that such storage entails little release of 
radioactivity. 

Special experimental studies are b~ing conducted at Batelle 
~oTthwest Laboratories in Richland in the USA aimed at deter­
mining the leaching rate of irradiated fuel. Preliminary results 
indicate a leaching rate which is comparable to that for borosi­
licate glass. A special experimental study is also being conduct­
ed at Sturl.svik with a modified technique 'Which also permits 
comparison!. 

6.4 THE CANISTER 

Encapsulation of the fuel in a 20 em thick copper container pro­
vides a highly durable barrier against penetration by water. The 
copper shell can only corrode in contact with oxygenated water. 
Water at great depth usually contains only small quantities rf 
oxygen. Low levels of oxidants can be formed by radiolysis. The 
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importance of this phenomenon fr0111 the viewpoint of corrosion !a 
being studied. ~uilibrium levels are considerably lower than the 
solubility of oXygen and hydrogen. This means that no gas will be 
evolved. 

The thick ~anister reduces the radiation field on th~ outside and 
provides good ~chanical protection. The canisters are sealed by 
several lids in order to guard against weld defects. The probabi­
lity of initial canister damage and the migration of radiolysis 
products to nearby canisters is currently under investigation. 

Encasement in an aluminium oxide canister provides a highly 
corrosion-resistant barrier. Technical fabrication considerations 
make it desirable to limit the length of the canister to about J 
metres, which.means that the fuel mu8t be converted into shorter 
units prior to encapsulation. This is to be done in a special 
handling process. lil order to counteract the risk of dispersal 
and release of radioactive substances, this handling is performed 
in concrete cells with special ventilation systems and filters. A 
special safety analysis for !his process will be carried out. 

6.5 FINAL STORAGE 

Emplacement in the centre of the tunnel section in a metre-thick 
bed of q~artz sand and bentonite provides protection against 
possible fault movements and contributes towards the sorption of 
escaping nuclides. 

---
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INDUSTlUAL AND CONSULTING CQotPANIES 

AB Atomenergi (• Atomic Energy Company of Sweden) 
Ahlsell All 
ASEA 
ASEA-ATOM AB 
ASEA-Hafo AB 
ASEA-Kabe 1 AB 
Avesta Jernverks AB 
Forsgren Produktion AB 
The Mining Industries' Work Study and Consultancy Programme 
Hagby Bruk AB 
H Folke Sandelin AB 
Hagconsult AB 
Hydroconsult AB 
IFtl Electric Hogspanning AB 
IPA-Konsult 
Ke~a~~~ Konsult AB 
Orrje & Co AB, Ingenjorsfirman 
Salenrederierna AB 
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The National Swedish Institut• fw~ Materials Testinp. 
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The Swedish Acade~ of Engineering Sciences 
Teleplan AB 
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ISO 

Un!versity of Stockholm 

Department of geology 

Department of microbial geo­
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Department of statistics 

University of Uppsala 

Department of Seismology 

~ Institute of Technology 

Dr. ~-A Harner 
T Floden, Pb.L. 
Dr. R Hallberg 

Dr. T Thedeen 

Dr. 0 Kulhanek 
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Chalmers University of Technology 
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Department of engineering metals 
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Department of rock engineering 
Departnent of physical chemistry 
Department of geode tics 
Department of chemical engineer-
ing design 
Department of agricultural hydro-
t~chnics 
Department of nuclear chemistry 
Department of inorganic chemistry 
Department o{ engineering electro-
chemistry and corrosion science 

Lulea Institute 2.!_ Tec!molocx 

Division of rock mechanics 

Division of geotechnics 

OTHER INSTITUTIONS 

Cement and Conc.ete Research 
Institute, Stockholm 
National Defence Research Insti­
tute, Stockholm 
Glass Research Ir.stitute, Vaxjo 

L Bergstrom, Ph.D. 
Professor J Rydberg 
B Allard, D.Eng. 
Dr. I Olefjord 
Profes~or N-G Vannerberg 

Professor I Janelid 
Dr. C Leygraf 
Professor A Bjerhammar 
Professor I Neretnieks 

Professor y Gustafsson 
Professor I Larsson 
Dr. T E Eriksen 
Professor I Grenthe 
Professor G WTanglen 

Professor 0 Stephansson 
Dr. K Roshoff 
Professor R Pusch 
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Professor S G BergstrOm 
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Institute for Metals R~search 
Corrosion research Ins~itute, 
Stockholm 
Swedish College of Agriculture, 
Uppsala . 
Swedish Silicate Institute, 
Gothenburg 
Tandem accelerator iaboratory in 
Uppsala 
Geological Survey of Sweden 

EXPERTS AND- RESEARCH WRKERS 

Dr. Sten G A Bergman 
Claes Helgesson, D. Eng. 

G Eklund, D.Eng. 
Professor E Mattsson 
L Ekblom, Lic.Eng. 
Professor L Fredriksson 

R Carlsson, Lie. Eng. 

Professor A Johansson 

Dr. 0 Brotzen 
U Tboregren, Ph. L. 

FOREIGN ORGANISATIONS AND COMPANIES 

The Riso Research Station 
ROSKILDE. Denmark 

Royal Norwegian Council for 
Scientific and Industrial Research 
KJELLER, Norway 

Frauenhofer-Gesellschaft 
Institut fur Silicatfor~chung 
WuRZBURG, West Germany 

Lelnstuhl fiir Glas und Keramik 
Institut fiir Steine und Erder 
CALUSTAHL-ZELLEFELD, Wes~ Germany 

Saint Gobain Techniques Nouvell~s 
PARIS, France 

COGEMA 
PARIS, Francl! 

Universi~y of Wes~ern Ontario 
Prof~ssor W Fyfe 
LONDON, Ontario, Canada 

Corning Glass Works 
CORNING, New York, USA 

Electric Power Research Institute 
PALO ALTO, California, USA 

Department of Energy 
WASHINGTON D.C., USA 

Dr. Ralph E Grim 
URB.\NA, Illinois, USA 
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Lawrence Berkeley Laboratory 
UniversitJ of California 
BERKELY, California, USA 

Nuclear Regulatory C~nission 
WASHINGTQ;o~ D.C., USA 

Office of ~aste I~olation 
Union Carbide Corp. 
OAK RIDGE, Tennessee 

Personnel from the Swedish State Power 3oard, Oskarshamnsverkets 
Kraftgrupp AB (OKG), the Swedish ~uclear Fuel Supplies Company 
(SKBF), the Swedish Centr~l Power Supply Board (CDL) and the Na­
tional Council for Radioactive Waste Management (PRAV) have also 
contributed their services to KBS. The project has organized re­
ference and working groups within the following areas: 

GEOGROUP 

Dr. Sten G A Bergman 
Dr. Otto Brotzer 
Professor Y Gustafsson 
Dr. Rudolf Hi ltscher 
Professor Ingvar Jane lid 
Dr. U Lindblvm 
Professor ito land Pusch 
Professor Ove Stephansson 

REFERENCE GROUP FOR SAFETY ~~ALYSIS 

Stig Bergstrom, H. Eng. 
Professor Arne Bjerhammar 
Professor Lars freuriksson 
Tore Nilsson, M. Eng. 

Profe~sor Jan Rydbe~g 

Bo SiiiiDingskold, Lie. Eng. 
Jan Olof Snihs, Ph. L. 

Dr. Tho~bjorn Thedeen 
Dr. Gunnar Walinder 

REFERENCE GROUP FOR CORROSION 

Roger Carlsson, Lie. Eng. 

Chief Engineer ThomaJ l.r:kered 
Lars Ekbom, Lie. Eng. 
GOran F.klund, D. Eng. 
Profe.>sor I·ngemar Grenthe 
Dr. Rolf Hallberg 
Sture Henciksson, ~. A. 
Professor Einar Kattsson 

Stocksund 
Geological Survey of Sweden 
Royal Institute of Tec1mology 
Saltsjo-Boo 
Royal Institute of Technology 
Hagconsult 
Lulea Institute of Technology 
Lulea Institute of Technology 

AB Atomenergi 
Royal Institute of Technology 
Ultuna Colle~e of Agriculture 
Swedish Nuclear Power :nspe~­
torate 
Chalmers University of Techno­
logy 
Glass Research Institute 
National Institnte of Radia­
tion Protection 
!Jniversity of S~:ockholm 
National Defence Research 
Institute 2 

Swedish Silicate Research 
Institute 
~uclear PoweF Inspectorate 
Corrosion Rese3rch Institute 
In~~'tute for Met~ls Research 
Roya: Institute of Technology 
Univetsity of Stockholm 
AB A. tomenergi 
Corrosion Research Institute 
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Professor Nils-GOsta Vannerberg 

Professor COsta Wranglen 

BUFFER GROUP 

Bert Allard, D. Eng, 

Klre Hann~rz, Lie. Eng. 
Arvid J~cobsson 1 Ph, D. 
Professor Ivars Neretnieks 
Professor Roland Pusch 

PROGRAMME GROUP P21/22 

Alf t:ngelbrektsson, M. Eng. 

A-M Eriksson, M. Eng. 
Goran Froman, M. Eng. 

Bo Gustafsson, Eng, 
Bertil M~ndahl, En~. 
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Lulel Institute of Technology 
Royal Institute of Technology 
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APPENDIX LIST OF KBS TECHNICAL REPORTS 
3 

us 

01 Klllstyrkor i utbrMnt bransle och hogaktivt avfall fran en 
PWR beraknade w~d ORIGEN 
("Emission rates in spent fuel and high-level waste from a 
PWI:!, calculated using ORIGEN") 
Nils Kjellbert 
AB Atomenergi, 77-04-05 

02 PM angaende varmeledningstal hos 'jordmaterial 
("Memorandum concerning the thenMl conductivity of soil'') 
Sven Knutsson 
Roland Pusch 
Lulea Institute of Technology, 77-04-15 

03 Deponering av hogaktivt avfall i borrhal meG buffertsubstans 
("Deposition of high-level waste in boreholes containing 

·buffer material") 
Arvid J act"bsson 
Roland Pusch 
Lulea Institute of Technology, 77-05-27 

04 Deponerin~ av hogaktivt avfall i tunnlar med buffertsubstans 
("Deposition of high-level waste in tunnels containing 
buffer milterial") 
Arvid Jacobsson 
Roland Pusch 
Lulea Institute of Technology 77-06-01 

05 Orienterande temperaturberakningar for slutforvaring i berg 
av radioaktivt avfall, Report 1 
("Preliminary temperature calculations for the final storage 
of radioactive waste in rock") 
Roland Blomqvist 
AB Atomenergi, 77-03-17 

06 Groundwater movements around a repository, Phase 1, State of 
the art and detailed study plan 
Ulf Lindblom 
Hagconsult AB, 77-02-28 
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07 Resteffekt studier for KBS ("Decay power studies for KBS"} 
Del 1 LitteraturgenomgAng ("Part 1 Review of the litera-

ture") 
Del 2 Berakningar ("Part 2 Calculations") 
Kim Ekberg 
Nils Kj e llbe rt 
Goran Olsson 
AB Atomenergi, 77-04-19 

08 Ut1akning av franskt, engelskt och kanadensiskt ~las med 
hogaktivt avfall 
("Leaching of French, English and Canadian glass containing 
high-level waste") 
Cciran Blomqvist 
AB Atomenergi, 77-05-20 

09 Diffusion of soluble materials in "' fluid filling a p.Jrous 
medium 
Hans Haggblom 
AB Atomenergi, 77-03-24 

10 Ttans1ation and development of the BNWL-Geosphere Model 
Bertil Grundfelt 
Kemakta Konsult AH, 77-02-05 

11 Utredning rorande titans Uimplighet som korrosionshardig 
kapsling for karnbransleavfall 
("Study of suitability of titanium as cotuJsion-resistant 
cladding for nuclear fuel waste") 
Sture Henriksson 
AB Atomcnergi, 77-04-18 

12 Bedomning av egenskaper vch funktion hos betong i samband 
med slut lig forvaring ;:·. karnbrans leavfall i berg 
("Evaluation of properties and function of concrete in 
connection with final storage of nuclear fuel waste in 
rock") 
Sven G Bergstrom 
Goran Fagerlund 
Lars Romben 
The Swedish Cement and Concrete Research Institute, 77-06-22 

13 Urlakning av anvant karnbransle (bestrAlad uranoxid) vid di­
rek tdeponeri ng 

14 

("Leaching of spent nuclear fuel (irradiated uranium oxide) 
following direct deposition") 
Ragnar Gelin 
AB Atomenergi, 77-06-0C 

Influence of cementation on the deformation properties of 
bentonite/quartz buffer substance 
Roland Pusch 
Lul~~ Institute of Technology, 77-06-20 
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15 Orienterande temperaturberikningar f8r slutf8rvaring i berg 
av radioaktivt avfall 

16 

("Preli01inary temperature calculations for the final storage 
of radioactive waste in rock") 
Rept-rt 2 
Roland Blomquist 
AB Atomenergi, 77-05-17 

~er~ikt av utlindska risk~nalyser samt planer och projekt 
rorande slutforvaring 

.... --

("Review of foreign risk analyses and plans and projects con­
cerning final storage") 

17 

18 

19 

20 

Ake Hultgren 
AB AtomenP.rgi, August 1977 

The gravity field in F~nnoscandia and postglacial crustal 
movements 
Arne Bjerha11111ar 
Stockholm, August 1977 

Rorelser och instabiliteter i den svenska berggrunden 
("Movf!ments and instability in the Swedish bedrock") 
Nils-Axel Marner 
University of Stockholm, August 1977 

Studier av neoteknisk aktivitet i mellersta och norra Sveri­
ge, flygbildsgenomgang och geofysisk tolkning av recenta 
forkastningar 
("Studies of neotectonic activities in central and northern 
Sweden, review of aerial photographs and geophysical inter­
pretation of recent faults") 
Robert Lagerback 
Herbert Henkel 
Geological Survey of S~den, September 1977 

Tektonisk analys av sodra Sverige, Vattern - Norra Skane 
("Tectonic analysis of southern Sweden, Lake Vattern -
Northe en Skane) 
Kennert Roshoff 
Erik Lagerlund 
University of Lund and Lulea Institute of Technology, 
September 1977 

21 Earthquakes of Sweden 1891 - 1957, 1963- 1972 
Ota Kulhanek 
Rutger Wahlstrom 
University of Uppsala, September 1977 

22 ' The influence of rock movement on the stress/strain situa­
tion in tunnels or boreholes with radioactive canisters em­
bedded.in a bentonite/quartz buffer mass 
Roland Pusch 
Lulea Instilute of Technology, 1977-08-22 

23 Water uptake in a bf!ntonite b••ffer mass 
A model study 
Roland Pusch 
Lulea Institu~e of Technotogy, 1977-08-22 
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24 -Berlkning av utlakning av vissa fissionaprodukter och akti­
nider frln en cylinder av franskt glas 
("Calculation of leaching of certain fission productr and 
actinides from a cylindoer made of French glass") 
Garan Blomqvist 
AB Atomenergi, 1977-07-27 

25 Blekinge kustgnejs, Geologi och hydrogeologi 
("The Blekinge coastal gneiss, Geology and hydrogeology") 
Ing~mar Larsson Royal Institute of Te~hnology 
Tom Lundgren Swedish Geotechnical Institute 
Ulf Wiklarder Geological Survey of Sweden 
Stockholm, August 1977 

26 Bednmning av risken for fordrojt brott i titan 
("Evaluation of risk of delayed fracturl! of titanium") 
Kjell Pettersson 
AB Atomenetgi, 1977-08-25 

27 A short review of the formation,. stability and cementing 
properties of natural zeolites 
Arvid Jacobsson 
Lulea Institute of T~chnology, 1977-io-20 

28 Vinneledningsfors6k p1 buffertsubstans av bentonit/pi.tesilt 
("Thermoconductivity experiment!. with buffer material of 
bentoni.te/pitesilt") 
Sven Knutsson 
Lule1 !~.stitute of Technology, 1977-09-20 

29 Deformationer i sprickigt berg 
("Defonnations in fissured rock") 
Ove Stephansson 

30 

31 

Lulea Institute of Technology, 1977-09-28 

Retardation of escaping nuclides from a final de~ository 
Ivars Neretnieks 
Royal Ins~itute of Technology, Stockholm, 1977-09-14 

Bedomning av korrosionsbestandigheten hos material avsedd3 
for kapsling av kllrnbrllnsleavfall. 
("Evaluation of corrosion resistance of material intended 
for encapsulation of nuclear fuel waste".) Status report, 
1977-09-27, and supplementary statements. 
Swedish Corrosion Research Institute and its reference group 

32 Long tenn mineralogical properties of bentonite/quar::z 
buffer substance 
Preliminary report, November 1977 
Final report, February 1978 
Roland Pusch 
Arvid Jacobsson 
Lulea Institute of Technology 

33 Required physical and mechanical properties of buffer masses 
Roland Pu~ch 
Lulea Insti~ute of Technology 1977-lQ-19 
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34 Tillverkning av bly-titan ~psel 
("Fabrication of lea<:l-titaniuaa canister") 
Folke Sandelin AB 
VBB 
AS£A-Kabe1 
Swedish Institute for Metals Research 
Stockholm, November 1977 

-·-

3~ Project for the handling and storage of vitrified high-level 
waste 

36 

37 

38 

39 

Saint Got:ain Techniques NouvellPs, October 1977 

Sammansattning av grundvatten p1 storre djup i granitisk 
berggrund 
("Composition of groundwater deep dOW'\ in granitic bedrock") 
Jan Rennerfelt · 
Orrje & Co, Stockholm, 1977-11-07 

Hantering av buffertmaterial av bentonit och kvarts 
("Handling of buffer material of bentonite and quartz") 
Hans Fagerstrom, VBB 
Bjorn Lundahl, Stabilator 
Stockholm, October 1977 

Utformning av bergrumsanlaggningar 
("Design of rock cavern facilities") 
Arne Finne, KBS 
Alf Engelbrektson, VBB 
Stockholm, December 1977 

Konsttuktionsst:udier, direktdeponering 
("Design studies, direct depositicn") 
ASEA-ATOM 
VBB 
Vasteras, Sweden 

40 Ekologisk t1ansport och straldoser fran grundvattenburna 
radioaktiYa amnen 
("Ecological transport and radic&tion doses from groundwater­
borne radioactive substances") 
Ronny Bergman 
Ulla Bergstrom 
Sverker Evans 
AB Atomenergi 

41 Sike.·het o•·h strUskydd inom karnkraftomddet. 
~agar, normer och bedomningsgrunder 
("Safety and radiation protection in the field of nuclear 
paver. Laws, standards and grounds for evaluatitm") 
Christina Gyllander 
Siegfried F Jol.nson 
Stig Rolandson 
AB Atomenergi and ASEA-ATOH 
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42 Sikerhet ¥id hant~ring, lagring och transport av anvint 
kirnbrinsle och forglasat hogaktivt avfall. 

43 

("Safety in the handling, storage and transportation of 
spent nuclear fuel and vitrified high-level waste") 
Ann Margret Ericsson 
Kemakta, November 1977 

Transport av radioaktiva amnen med grundvatten fran ett 
bergforvar 
("Transport of radioactive e!emP.nts in groundwater from a 
rock repository") 
Berti! Grundfelt 
Kemakta, November 1977 

44 Bestandighet hos borsilikatglas 
("Durability of borosilicate glass") 
Tibor Lakatos 
Glasteknisk Utveckling AB 

45 Berakning av temperaturer i ett envanings slutforvar i berg 
for forglasat radioaktivt: avfall 
("Calculation of temperatures in a single-level final repo­
sitory in rock for vitrified radioactive waste") 
Report 3 
Roland Blomquist 
AB Atomenergi, 1977-lQ-19 

46 Temperaturberakningar for anvant bransle 
("T2mperature calculations for spent fuel") 
1' ai vo 1'ahrandi 
VBB 

47 Teoretiska studier av grundvattenrorelser 
("Theoretical studies of groundwater movements") 
Preliminary report, October 1977 
Final report, February 1978 
Lars Y Nilsson 
John Stokes 
Roger Thunvik 
Depar~ent of agricultural hydrotechnics, Royal Institute of 
Technology 

48 The mechanic.! properties of Stripa granite 
Graham Swan 
J.ulea Institute of 1'echnology, 1977-08-29 

49 Bergspanningsmatningar i Stripa gruva 
("Measurements of rock stresses in the Stripa mine") 
Hans Carlsson 
Lulea Institute of Technology, 1977-08-29 

50 Lakningsforsok med hogaktivt franskt glas i Studsvik 
("Leaching trials with high-level French glass at Studsvik") 
Goran Blo':llf}vlSt 
AB Atomenergi, ~ovember 1977 
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51 Seismotectonic risk nodelling for nuclear waste disposal in 
the Swedish bedrock 

52 

53 

F Ringdal 
H Gjoystdal 
E S Husebue 
Royal Norve,ian Council for scientific and industrial 
research 

Calculations of nuclide migration in rock and porous media 
penetrated by water 
H Hlggbl0111 
AB Atomenergi, 1977-09-14 

Matning av diffusionshastighet for silver i lera-sand-bland­
ning 
(''Measurement of rate of diffusion of silver in day-sand 
mix") 
Bert Allard 
Heino Kipatsi 
Chalmers University of Technology, 1977-lQ-15 

54 Groundwater movements around a reposito~ 

54:01 

54:02 

54:03 

54:04 

54:0!\ 

54:06 

Geological and geotechnical conditions 
Hikan Stille 
Anthony ilurgess 
Ulf E Lindblom 
Hagconsult AB, September 1977 

Thermal analyses 
Part 1 Conduction heat transfer 
Part 2 Advective heat transfer 
Joe L Ratigan 

· Hagconsult AB, September 1977 

Regional groundwater flow analyses 
Part 1 Initial conditions 
Part 2 Long term residual conditions 
Anthony Burgess 
Hagconsult AB, October 1977 

Reck mechanics analyses 
Joe L Ratigan 
Hagconsult AB, Septemrer 1977 

Repository domain groundwater flow analyses 
Part 1 Permeability perturbations 
Part 2 Inflow to repository 
Part ) Thermally induced flow 
Joe L Ratigan 
Anthony Burgess 
Edward L Skiba 
Robin Charlwood 
Hagconsult AB, September 1977 

Final report 
Ulf Lindblom et al 
Hagconsult AB, Oc.tober i977 
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55 Scrption av 11nglivade radionuklider i lera och berg 
("Sorption of long-lived radionuclides in clay and rock") 
Part 1 Determination of coefficients of dis~ribution 
Part 2 Review of the literature 
Bert Allard 
Heino Kipatsi 
Jan Rydberg 
Chalmers University of Technology 1977-lQ-10 

56 Radiolys av utfyllnadsmaterial 
\"Radiolysis of filler material") 
Bert Allard 
Heino Kipatsi 
Jan Rydberg 
Chalmers University of Technology 1977-lQ-15 

57 Strlldoser vid haveri under sjotr~nsport av karnbransle 
(Radiat.i Jn doses in the event of a failure during the 
transp~r~ of nuclear fuel by sea") 
Anders Appelgren 
Ull a Bergstrom 
Lennart Devell 
AB Atomenergi 

58 StrAlrisker och hogsta till1tliga straldoser for manniskan 
("Radiation huards and maxiiiiUIII permissible radiation doses 
for human beings") 
Gunnar Walinder 
AB Atomenergi 

A number of additional reports are in preparation. 
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1. BACKGROUND 

The pos9ibility of disposing of high-level waste in geological 
formations has been unde~ discus~ion fo~ many years. It has ~en~­
~ally been assumed that· the waste is to be disposed of in the 
count~y whe~e .:.t was p~oduced, and different types of formations 
have come under conside~ation in diffe~ent count~ies, depending 
on their occurrence (salt, clay, shale, crystalline rock). In 
Sweden, interest has been concentrated on Precambrian bedrock 
formations (gneiss, granite). 

The geological studies conducted for the flJ<A.Committee (The 
Government Committee on Radioactive Waste) have bee~ supplemented 
by studies performed by the .;oltional Council for Radioactive 
Waste Management (PRAV). Equipment for water injection testing 
and geophysical borehole logging as well as a special borehole 
pump have also been developed by PRAV. Since the KBS project com­
menced in early 1977, the geological investigations have been 
concentrated on this project. 

In February of 1977, an agreement was reached between l<BS and the 
Geological Survey of Sweden (SGU), which is the central govern­
ment agency for geological matters, concerning a geological study 
programme aimed at ascertaining the feasibility of a final stor­
age of high-level waste in the Swedish bedrock. A summary of the 
contents and principal results of the programme is provided in 
this chapter. More detailed accounts of the methods and results 
of the investigations are provided in the reports referred to 
under section A of the list of references. 
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2 THE GEOLOGICAL STUDY PROGRAMME 

1.1 PURPOSE 

The goal of the geological work programme is to carry out studies 
within several geo~raphical areas in order to. obtain basic data 
on the bedrock and groundwater conditions which determine the 
long-term safety of a final repository for high-level waste. 
These studies are complemented by theoretical studies. 

The work is aimed at establishing whether the bedrock is composed 
of a uniform, suitable type of rock of sufficient extent down to 
depths of several hundred metres. This is important, since infe­
rior conditions may exist at the boundaries be~een different 
types of rock. The occurrence of fissures and fracture zcnes with 
may influence the design or safety of the repository must also be 
elucidated. 

As regards the groundwater, information is needed on how much 
water may come into contact with the waste. This requires mea­
surements of the permeability of the rock and theoretical calcu­
lations of hew the water flow in the rock decreases with depth. 
Such calculations also provide a b:tsis for determining the final 
dilution of the water which has been in contact with the w~ste 
canisters. 

When the waste or the canisters come into contact with the 
groundwater, some dissolution may occur. The extent of this dis­
solution depends on the properties of the materials and the che­
mical composition of the water. The programme therefore includes 
sampling and analysis of the groundwater at the depths in ques­
tion. 

If the waste substances go into solution, it is important to know 
their residence time in the rock. lf this time is long, certain 
radioactive elements will decay before they reach the biosphere. 
Information on the residence time can be derived from the age of 
the groundwatet'. 

Most waste elements are retarded on their way through the bedrock 
due to sorption effects and chemical reactions. Such retardation 
has been invP.stigated by means of laboratory work, theoretical 
analyses and field tests, of which the latter fall within the 
framework of the geology programme. 

ut• ~u~:tion nF whether and to what extent geological conditions 
of importance for the safe final storage of high-level radioa~-
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ti ve waste may ~hange in the future 811.1St be answered. This in­
cludes the study of the geographical and chronological distribu­
tion of movements in the bedrock. · 

The geulogical prograrmte has concentrated ·primarily on gathering 
information to serve as a basis for the sit:.ng and design of an 
absolutely safe rock storage facility adapted to the conditio~s 
which prevail in Swedish bedrock. Time has not yet permitted a 
more fundamental- analysis of the data. 

SCOPE 

SGU has been commissioned by KBS to perform the following main 
studies: 

Geophysical ground measurements, mapping of outcrops and 
joints, drilling, evaluation of drill cores, borehole logg­
ing and TV examination of boreholes. 
Water injection tests and calculations, water sampling for 
chemical analysis and age determination. 
Theoretiral studies of groundwater movements (carried out 
through the Department of Land Improvement and Drainage at 
the Royal Institute of Technology in Stockholm). 
Field tests using tracer elements in fissured rock before 
and after injection (previously begun by PRAV). 

The total cumulative length of drilled core boreholes amounts to 
slightly more than 5 000 m, distributed among five stud; areas, 
three of which have been chosen for further study - namely, 
Sterno near Karlshamn, Krakeuuila near Oskarshamn and Finnsjo near 
Forsmark. The bedrock in these areas varies and the choice of 
study areas was determined partially by the fact that knowledge 
was desired on the characteristics of the different types of 
rock. 

In addition to the above studies by SGU, KBS has commissioned the 
following: 

a compilation and supplementation of known data on the Ble­
kinge coastal gneiss, 
a mathematical model study of groundwater movements and rock 
stresses in and around a final repository, 
a theoretical mathematical study of the expected formation 
of new fractures when a rock mass is subjected to simple 
shearing, 
studies of the chemical composition of the groundwater, 
studies of sorption effects which may be encountered when 
various waste substances are· transported with the ground­
water in buffer material and rock fissures, 
studies of post-precambrian rock movements and recent earth­
quakes. 

The results of these studies will complement the results of SCU's 
own studies. 

In early February of 1977, KBS ~d PRAV invited a large number of 
geologists to a conference for ~ discussion of questions of illl"' 
portance concerning a final repository for high-level waste in 
the Swedish bedrock. Among other things, the probability that 
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movements in the bedrock vould jeopardize the safety of the repo~ 
sitory was discussed. A number of proposals for studies were sub­
mitted by the conference participants and many of these proposals 
led to investigations sponsored by KBS. In early October of 1977, 
the results were reported and discussed at a second conference 
arranged by KBS. 

A group of specialists called the "Geogroup." has been est11blished 
within KBS. Its function is to: 

serve as a forum for the discussion o£ questions concerning 
geology, hydrogeology and rock engineering. 
participate in the formulation of plans for investigations 
and eltperiments, 
assist in the follo~up and evaluation of results of inves­
tigations and experiments. 

The report submitted in the following chapters 2 through 8 has 
been prepared by SGU. It is based not only on SGU's own •~udies 0 
but also on the above-mentioned special investigations ccn:ried 
out on commi~sion from KBS. 

STRIPA EXPERIMENTAL STATION 

The experimental programme being conducted by KBS at the Stripa 
mine is described in chapter 9. Mining ope1ations were recently 
discontinued at the mine at.d the oppoTtunity was oftered to con­
duct practical experiments in a granite massif at a depth of 
about 350 m. These experiments are aimed at studying the proper­
ties of granite at this depth, both in the unconditioned state 
and after heating, rtnd at studying fTacturing resulting from the 
blasting of tunnels. An agreement has been concluded with the US 
Energy Research and Development Administration (ERDA) concerning 
cooperation in the execution of a large-scale heating experiment. 
The results of this experiment will not be available for a couple 
of years. KBS' own experiments also require such a long time that· 
the most relev~nt results cannot be ~eported here. But the expe­
riments are of Fuch a nature that they will not affect the basic 
conclusions, but will rather prima·dly serve as a basis foT an 
optimization of the detailed technical design of a final reposi· 
tory. 
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CHOICE OF STUDY AREAS 

The preliminary work for the studies has been concentrated on 
finding areas with suitable bedrock of sufficient extent: near the 
east coast of Sweden between Uppla~d and Blekinge. On the basis 
of the selected design capacity - waste from the operation of 13 
reactors over a period of 30 years - an area of about 1 km2 is 
required. Proximity to the coast is desirable in order to avoid 
long overland transports. The locatio~s of the nuclear power 
plants and the desirability of avoiding seismically active areas 
has restricted the preliminary work to the east coast between 
Uppland and Blekinge. 

In order to be able to complete in-depth drillings and studies in 
the short time which was available, it was necessary to exclude a 
number of geologically promising areas where the ownership of tho! 
land are co~lex or where it was not possible to obtain the per­
mission of the proprietor. 

Flat areas with nruch exposed rock have been sought after. The 
gradient of the water table in such areas is generally low, 
resulting in a low potential for groundwater movements. Another 
factor of importance is that the Zracture zones in the bedrock in 
such areas are also normally widely spaced and narrow, with large 
intervening volumes ot good rock. Between the large fracture 
zones, the bedrock should contain relatively widely spaced, small 
and irregular fissur~s, so that the groundwater permeability of 
the rock is low. This can .be studied where the rock is exposed in 
outcrops. Outcrop mapping also shows whether the bedrock is 
uniform and consists of some common type of rock - granite or 
gneiss - which is of little value and therefore unattracti~e for 
future mining. The final areas were chosen to provide examples of 
the conditions in a massive ~ranite which postdates orogenic 
upthrusting and folding, a gneissic granite and a clearly folded 
gneiss. Together with the vein gneiss previously studied for the 
AKA Committee investigation, this makes a totnl of four different 
typical types of precambrian bedrock which have been investigat­
ed. 

In order to find suitable areas, topographical, economical and 
geological maps - supplemented with satellite and aerial photo­
graphs - have been examined. This has made it pollsible to compare 
terrain, o~ership relation and the distribution of diffe-
rent t.ypes of rock in different areas and to char.t the major 
fracture lines in the bedro~k. Following this analysis promising 
areas were inspected in the field. In order to determine the 
features of rhe bedrock in unelCl'osed parts and in depth as well, 
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geophysical, !IM!asuret:lents ~.~ere carried out, primarily using elec­
tromagnetic methods which detect the groundwater-bearing zones in 
the bedrock on lhe basis of their increased electrical conducti­
vity. 

In ~ertain cases, seismic methods were used to measure the velo­
city of shock and shear waves in the bedrock in order to gain 
some insight of its elasticity constant and fissure content. 

Three areas were finally chosen for further study and drilling 
(!'ee fig. J-1). 

Karlshamn, i.e. the area around the Karlshamn. power plant. 
Finnsjon, an area east of the northern part of Finnsjo Lake, 
some 16 km WSW of the Forsmark nuclear paver plant in north-
eastern Uppland. · 
Krake~ala, an area 1.S km NW of Krakemala and 7.5 km ~~of 
the Uskarsham., nuclear power plant at Si!lll>evarp in eastern 
Smaland. 

In addition, certa1n studies were conducted at the following 
places: 

AVTo, about 1.5 km N of Simpevarp. 
BUSSvik, about 4.5 km NNW of Simpevarp 
r0rsmark, about 3.5 km W of the Forsmark nuclear power 
plant. 

Figu~ J.J. Map showi~ study Clf1!tls. Test drilli"!S to adq;tlr of about 500 m~"" ~ undn­
raken at Karlshamn (Srl.'rnd/, Mrth o{Osbnhim'" (Krdkemdla arrd A'vr-0/, and at Forrmark 
( Finns;on md Fomnark). Tile KRS aperlmental sratiorr is located in tire Sfripa mirre. Fi~ld 
studies-~ carried our at Srudsvilc, 
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graphs. Flat cracks oi va•7ing direction and dips up to 30° ge­
nerally comprise the top surfaces of the rock slab. The varying 
direction of the steep cracks is shown in the fracture diagram 
(see fi~. 4-4). which shows broad and low peaks in. the NW and NE. 
The peak at N30°W corresponds to the direction of the Finnsj3 
line and the fault valley which borders the study area on the 

0 0 east. The peaks around N&O W and N45 E corresgond to more regu-
lar, straight and intersecting fractures. N60 W characteri~es the 
metabasites ir. the study area, but also an important group of 
partially open. wide and very long fracture ~~nes which are 
spread over this entire part of the country f•om Singo and Fors• 
mark to the Storvik region /see Svedmark 4-8. Lundeg1rdh 4-9/. 
They are characterized by the fact that the openings are often 
lined with beautiful crystals of quartz and calcite. Small quan• 
tities of bitumenous substances, known as "rock pitch", are also 
found. The fractures which run in this direction in the outcrot~s 
in the Finnsjo area are filled with the same material. A hori­
zontal longitudinal displacement of 0.3 m has been found for on• 
of these faults. But the faults here are few and insignificant 
and are generally less than 1 em wide. It must instead be assumed 
that wl.atever major fracture zones may exist are not visible in 
the outcrops, but are rather located in the soil-covered zones 
between them. The aerial photographs have therefore been examined 
carefully to determine the location of any fracture lines (see 
fig. 4-5). Ground examination has shown that these lines for the 
most part correspond to the edges of outcrops, bog lines and 
zones· of h~avy plant growth. Their direction coincides with the 
direction of the aforementioned shear zones. The only really 
clear line from the study area runs in a north-south direction 

Firu~ 4-1. Dittrtmr sltowirtf tM dirtetiort of 448 st«p .rnrtrtm -Mthi" t,. sf'.ldy -•t Fi"Mili 
Lllke. 17rr fr«turn tm! i~ orimtftl in widriy varyi"' dlrecrioffs. (&drvck Brw-. Gft>­
logictii.Surwy of Swftlnt J, 
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and exhibits a "horsetail" towards the south. In order to gain 
further knowledge of the structure of the rock, the area has been 
covered by geonhysical measurements and examined by means of 
drilling. 

Geophysical ground measurements 

An area nearly 2 km2 in size has been surveyed with a magnet~t­
er and an electromagnetic method (slingram). These magnetic mea­
surements do not indicate any distinctive structures, The sling­
ram measurement shows that there is one distinct zone of highe~ 
electrical conductivitv. It is located in the southern half of 
the area and runs with. some interruptions from near its western 
edge for,ap9roximately 500 metres in an easterly direction and' 
seems to coincide with the photogeologically most clearly indi­
cated east-west line within the area. O~her lines have not given 
any magnetic loop indications. 

Drillings 

Finnsjo l ~ Borehole - length 500 m, diameter 55 mm - sunk 
- vertically in good rock, approx. 50 m from the interpolated core 

line for the electrically conductive zone indicated by slingram 
measurement. 

In brief, the borehole shows that the bedrock is uniform and eon­
sists of granodiorite with insignificant variations down to a 
depth of 500 m. It contains insignificant pockets of isolated, 
thin pegmatites and metabasites. Below 85 m, the fissure content 
of the rock is low. More high-fissured zones are found in the 
sections 214-228 m, 336-362 m and more generally between 432 and 
500 m. To a great extent, the fissures are filled with chlorite, 
quartz (Si0 2) and calcite (Caco3). The zones of disturbance ex­
hibit a ~eneral transformation with reddish coloration of the 
feldspars. 

-9 The permeability of the rock is low, around 10 m/s or lower. 
Higher values are found in the surface layer and below 432 m, 
where a slight increase is noted in connection with a rising 
fissure content and C'!".lorite contl'nt. This is probably connected 
with the fact that the borehole at this point approaches an 
electrically conductive zone, as indicated by slingram measure­
ment from the surface. Perme~bility and RQD diagrams are shown in 
fig. 4-6. 

Finnsjo 2 Core Borehole - diameter 56 mm, length 698 m, depth 
approx. s2s-m-- sunk at a 50° angle towards N20°W. It is situated 
at the western edge of the survey area and crosses the eastwest 
fracture zones, including the extention of the electrical distur­
bance zone towards the west. ln this way, information is obtained 
on the boundary of the lo-fissured central bedrock blocks to­
wards Finnsjo Lake. At the far north, the hole was also expected 
to contact the southern branches of the major zon• of disturbance 
which runs through the measuring area in a northeasterly direc­
tion without giving rise to any electrical indications. 

Bedrock conditions in this borehole are very similar to those in 
borehole 1. Bet~~en 36 and 110 m, however, th~re is a general 
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fissuring which is accompanied by reddish colouration and the 
formation of chlorite, ~alcite and quartz - both in the rock and 
as crack filler. Between 102.6 and 103.6 m, a lamellar chlorite 
dyke containing some smectite was found, which caused both core 
and water losses. The dyke was followed by a zone of intensive 
crushing. This location coincides well with a vertical projection 
of the extension of the electrical disturbance zone and the 
corresponding photogeologically indicated fracture zone. 

At 688 m, a crush zone which was filled ·with a finegrained crush 
product between 688.4 and 688.9 m was drilled into at an ~cut~ 
angle (approx. 20°). The material from this 50 em-wide zone fill­
ed 4.5 m of the core tube. This remarkable increase in volume in­
dicates the presence of swelling clay minerals ~.ich have a low 
water content to start with and begin to swell when they come in­
to contact with the flush water and the groundwater which 
collects in the borehole. A corresponding "dry" fill•r, also in 
the north-easterly main zone, would explain why no electrical in­
dication of this zone was obtained. Alternatively, this zone may 
be composed of mylonite. 

The borehole was stopped at 698 m (apnrox. 52.5 m vertical depth), 
still in broken rock. Between 110 and 680 m the bore core con• 
sists of predominantly good rock. Those cracks which do occur ~re 
largely filled with chlorite, calcite, quartz and nrehnite, 
which, like the conditi~ns in the Finnsjo 1 borehole, provide 
good imperviousness (see fig. 4-7). 

Samples of granodiorite and the chlorite dyke at a depth of 103 m 
and the crushed material from 688.4 m have been examined ~y means 
of X-ray diffraction in order to determine what minerals the 
groundwater is in contact with. The results show that .the rock 
has some illite, that the chlorite dyke contains smectite and 
perhaps some mixed strata mir-eral and that the crushed material 
contains swelling minerals of the mixed strata type. This means 
that both the rock and the disturbance zones contain ion-P.Xchang­
ing minerals and that the disturbance zones contai~ swelling mi­
nerals which can have some self-sealing effect. 

Finnsj0 1 Core Borehole - diameter 56 mm, length 700 m, depth 
55C m - sunk at a 500 angle towards the south at the eastern edge 
of the survey area in order to obtain information on its rela­
tively highly fissured border zone towards the fault valley in 
the east. The rock here is also uniformly granodioritic, but is 
more intensively fractured and therefore exhibits reddish co­
loration and an elevated quartz conte~t. Here as well, the 
fissures are filled to a large extent with minerals. Despite many 
small frace~re and crush zones, no large dyke zones have been 
encounter, ;l here. 

Due to the angle of the borehole towards the £ault valley, its 
distance to the valley increases with increasing depth. The re­
sults obtained so far indicate that the zone of impaired rock 
quality extends s~ 300 m in from the valley ~ide. It is worth 
nothing that all boreholes in the Finnsjo area have shown that 
the zones of disturbance are surrounded by reddish-colour rock 
with mineral-filled craeks. ~is means that when a rock reposi­
tory is being planned and built, warning will be obtained in 
plenty of time that on~ is approaching such zones. Virtually no 
core losses were recorded in connection with drilling through 
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these zones. Nor are they expected to give rise to any special 
petrological problems. 

KRAKEMALA AREA 

Location ~ topography 

23 

The study area in Krakemlla is located apprcximately 7.5 km NNW 
of the Oskarshamn nuclear power plant at Simpt!varp and approx. 
1.5 km NW of the village of Krakemala between the Baltic Sea and 
Lake GOtemaren (see fig. 4-8). 

The Krakemala area is located near the transition between the 
subcambrian peneplain along the Baltic coast in the south and the 
fr:1ctured countryside which <'haracterizes the cuastai regions of 
northern SmAland and Ostergotland. The countryside is characte­
rized by flat landscape broken by pronounced fracture valleys 
running primarily in north-south, east-west and northwest direc­
tions (see fig. 4-9). 

The study area comprises the eastern portion of a local watershed 
between the Baltic Sea and Lake GOtemaren, whose average water 
level is only 1 metre above sea level. The nearly horizontal 
surface of the area falls from 20m above sea level in the west 
to 15 m in the ease, where it is bounded by a north-:-west fracture 
valley with a pass point ab~ut 10 m above se~ level between 
Bussviken Bay (in the Baltic) and the outlet of Lake Gotemaren. 
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The fracture valley is partially filled with sand and gravel. 
deposits. The bottoms of some very small gravel pits reach the 
local watertable. The soil cover is generally thin and large 
areas consist of exposed rock. 

Bedrock conditions 

For an overall picture of bedrock Cflnditions in the area, see the 
geological map-sheet for Oskarshar.m /4-10/. The region is com­
posed of Smaland granitesvhile the actual study area is located 
within the GOtemar massif - a body of young granite, the Gotemar 
granite, with a circular outcropping ahout 9 .km in diameter. I~s 
age has been determined at about 1 380 million years /Aberg 
4-11/. The massif was recently described by Kresten and Cnyssler 
/4-12/. 

The Gotemar granite is composed of four subtypes which occu~ in 
different parts of the massif and which differ primarily with 
respect to grain size. 

A coarse-grained red granite with ·a grain size of around 15 rrm 
dominates in the study area. This granite consists orimarily of 
microcline (&Q-75%), quartz (20-35%), biotite and accessory mi­
nerals. In the western part of the area, it borders on medium­
grained granite with a grain size of less than 10 rrm, often some­
what lighter and muscovitebearing but otherwise of nearly identi­
cal composition. Chemical analyses of the rocks in the Krakemala 
area are reported in table 4-3. 

Flat, horizontal bodies of pegmatite in which the grain size can 
reach around 10 em are encountered frequently in both types of 
granite. They are seldom more than 0.5 em thick and a metre or so 
lo'1g, 

The general pattern of fractures in the region has been analyzed 
by Asklund /413/ and Nordenskjold /4-14/. 

The GOtemar massif is very uniform with respect to rock struc­
ture. It exhibits four pronounced fracture directions. StE'~P ver­
tical cracks parallel l.O the circumference of the massif make up 
a concentric pattern which is com-plemented by a radial system 
which, together with the concentric set, produce a very regular, 
nearly perpendicular p3ttem of fractures in each local section 
(see fig. 4-10 and 4-11). In addition to these, there are dia­
gonal fractures and widely dispersed, nearly horizontal fractures 
areas which are also responsible for the flat rock surface within 
the study area. The varicus types of granite in the massif are 
characterized by varying fissure density (see fig. 4-12). The 
coarse granite especially is of unusually low fissure content at 
the surface, which was one of the reasons for choosing this study 
area. 

The same fracture pattern recurs in the surrounding Smlland gra­
nite. where it is filled with granite and pegmatite veins which 
are associated with the GBtemar granite. This, along with the de­
posits of primary minerals such as muscovite on the fracture sur­
faces, show that these cracks belong 'to a late· phase in the for­
mation of the GOtemar granite and are therefore just as old, 
while more recent deformation is of much less importance. 
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Flfll,. 4-10. Ditlf'W"'I Jltowfrt6 t/w dftcttott of 32 7 StrqJ fr«Nra wit#rm t#w study .W •t 

K~lcm-41&. ~ CTDCts «rr ~""'ly orimtftl •rrrl dnitlt~ lirrt~ m rmru dfti:Nott. (lkdroct 
Burat~~. Wolo,;t:« SIA,-,ey of sMdr,). 

An early tensional event vith a probable age of aro•md 1 200 
million years is represented by a diabase vein which cuts through 
the granite in a ~~ direction. East-west fractures, vhich are 
undeformed and filled vith sandstone of precambrian age, indicate 
the proximity of the subcambrian peneplain. 

More recent post-<:ambdant:vements can be discerned locally. 
These include the north-so h fault which runs through the massif 
approximately 5 km vest o the study area. The east-west fault at 
Monster!s, which constitu es the northern limit of the precambri­
an sandstone there, can be seen at a greater Jistance. 

Geophys ica J_ ground measurements 

Tvo square kilometers within the Krakem!la are~ were previously 
surveyed magnetically, electrically and seismically by Eriksson 
/4-15/ on commission from PRAV. The measurements showed, in 
agreement with the fracture pattern, that the coarse GOt~r gra­
nite possesses very lew electrical conductivity, but is subdivid­
ed into blocks bounded by zones of higher conductivity. The elas­
tic properties of the rock were determined seismically. The 
following values were obtained: modules of elasticity 45-55 GPa. 
modules cf shear 22.18 GPa, Poisson's ratio 0.25. 
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Table 4-3. Chemical c~•ition of the rock in the KrAk..A1a 
area, after Kreeten and Chyuler, 1976, 

:z 3 4 5 6 7 a 9 10 11 12 1l 

73.2 71.9 75.9 72.2 72.4 76,.1 74,4 71.7 74.9 73.8 7),) 76.1 67.1 

0.41 O.lo2 0. IS o. 36 0.16 a.oa a. l) o.os a. 11 o.a7 0.26 0.14 0.80 

13.7 1 3.11 12.6 l), 2 1).2 12.6 14.11 U.9 12.7 llo.) 13.0 12.5 14.5 

o.a 0.9 0.1 o.a 0.7 <0.1 cO, 1 •0.1 0.2 0.1 o.s 0.1 1.) 

0.6 0.9 0. 5 0.8 1. t 0.) 0.1 0.3 0.6 0.3 o.a 0.4 2.3 

0.04 0.06 0.03 0.0) o.os 0.02 0.01 0.18 O.Oi 0.06 0.04 0.04 0.07 

I. 2 l. 2 0.11 \, 3 1. 2 0.5 0.) 0.10 0.6 o. 10 1.1 0.5 l.l 

0.6 0.6 0.08 0. )) 0.36 ('.02 0.2 0.02 0.08 0.4 0.25 0.06 1.9 

3. 1 . 3. 7 ).6 ). 7 3.6 4.2 2.9 6. I 3.9 4.:J 3.5 4.0 3.\ 

4,) 5. 3 5.0 ).1 5. 1 4.4 4.1 4.0 4.6 5.2 5.1 4.5 !1. 1 

0.4 0.4 0.1 0.3 0.3 o.s 0.5 0.3 1).2 0.6 

•0.1 0.1 o. 1 <0,1 <0,1 0.1 o. 1 0. I <0.1 0.1 

o.ot 0.08 0.07 <0.01 - <0,01 0.02 <0.01 0.05 0.01 0.22 ... 

0.0) 0.01 0. 11 0.04 0.03 0.03 0.01 o. 19 0.01 o. 12 

0.49 o. 56 0.56 0.59 0.51 o. 31 0.06 0. 41 0.55 0.24 0.51 0.)2 0.18 

·0.02 <0.02 <0.02 <O.a2 - •0.02 <0.02 <0,02 <0.02 <0.02 0.04 

0.08 0.08 0.02 0.08 0.08 0.01 0.02 <0,01 0.01 0.01 0.05 0.01 0.13 

98.32 99.32 99.78 99.11 99.26 98.88 97.02 99.09 98.99 99.20 99.05 98.99 98.86 

0.21 0.24 0.24 0.25 0. Zi. 0. 13 0.03 a. 11 0.23 0.10 0. 21 0.13 0.09 

98.11 99.08 99.5~ 98.86 99.05 98.75 96.99 98.92 98.76 99.10 98.84 98.86 98.77 

35. 7 27.2 33. 7 29. 1 29.8 32.9 40.0 19.4 3Z.9 28.1 31. 7 33.7 26.9 

28.7 33.7 32.9 34.0 )3.0 38.4 27.1 54.8 35.9 36.5 32.1 36.6 26.6 

23.3 29.0 27. 3 27.6 27.) 25.0 24.5 22.8 25.9 )(), 7 27.7 25.6 26.8 

3.0 3.0 0.2 1.2 1.3 o. 1 1.0 0.1 0.2 2.0 0.9 0.2 6.8 

lo,6 4.5 3. 7 5.2 5.6 2.4 1. l 1.3 3.2 0.9 4.9 2.4 6.0 

1. GBT 11 Coarse-grained granite. 2. ~T 24 Coarse-grained gra­
nite. 3. SL31A Coarse-grained granite. 4. GG 14 Coarse-grained 
granite. 5. GG 3 Coarse-grained granite. 6. GG 8 Medium-grained 
granite. 7. GBT 26 Medilllll"grained granite, pale pinkish·. 8. SL36B 
Fine- to medium-grainP.d granite, white, with garnet and topaz. 
9. SL1A Fine-grained granite, porphyritic. 10. G4a Medium-grained 
granite. 11. GG 2 Granite ~rphyry, dyke north of the massif. 
12. CC 7 Porphyritic granite, eastern margin of the m3ssif. 
13. GG 1 Sm11and granite, reddish grey, ~rphyritic variety. 
Wall-rock t.o the north. 
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Dri llins 

The first h~l .. was drilled in order to determine whether the fun­
damental characteristics of the rock as regards vertical extent 
and unifo~~ty were suitable. When this was found to be the case, 
further holes were drilled. Borehole 2 illuminates the western 
boundary of the low-fissued, coarse-grained granite, where the 
medium-grained granite begins. Borehole 3 runs through the border 
zone of the study area towards the fracture valley which conRti-
tutes it~ boundary towards the east. · 

Kr1kem1la 1 Core Borehole - diameter 56 mm, length 504.65 m- was 
'S"Uiik"vertically in good rock and runs throughout nearly its en­
tire length through uniform, co~rse-grained, red massive granite. 
Titere are, h~ver, five band~ of fine-grained aplitic granite 
with a combined thickness of 12.2 m. Coarse-grained granite thus 
comprises 97.6% of the core. At a depth of between 60 and 76 m, 
the granite exhibits scAttered grains of pyrite and molybdenite. 

The disc ribution of fractures is depicted by the RQD diagrams -
see fig. 4-13. The majority ronsist of fresh fractures straight 
through the born core, and many were created during drilli~g. 

The water injection tests show that the permeability of the rock 
do~ to 50 m is distributed around lQ-7 m/s (see fig. 4-13), 
while a clear division i.nto high and low values is found .<tt the 
deeper levels. The high values here are also around lQ-7 m/s, 
while the low values are at or below the measuring li~it, i.e. no 
water lo&s could be measured by means of the equipment which was 
used. This means that the permeability of the rock is less than 
1.9 x lo-9 m/s at a pressure of 0.2 MPa and less than 8 x lQ-iO 
m/s at a pressure of 0.6 MPa. Only four 2-metre sections along 
the entire sectic·n between 320 and 496 m exhibited measurable 
water loss. These sections contain smooth, deposit-filled frac­
tures while the sections containin~ the more common fresh cracks 
do not give rise to any measurable water loss. 

The fractures in the GOtemar granite exhibit varying mineral cJn­
tent. Sa~le scrapings from the -alls of the cracks in the bore 
core fr~ Krakemala 1 were therefore subjected to closer study. 
Aside from the usual minerals in the granite and general crack 
minerals such as chlorite and calcite, the cracks also contained 
sulphur pyrite and lead glanre as well as fluorspar, kaolinite 
and smectite. Kaolinite was found with certainty in only a single 
sample near the surface, while smectite was found. in four samples 
down to 326 m, although in little quantity. 

Kr1kem1la 2 Core Borehole - diameter 56 mm, length 604.8 m - vas 
sunk vertically in good rock near the western boundary of the 
coarse-grained red granite. This is reflected in the core by many 
(25) bands of fine-grained granite, which together constitute 14% 
of the entire length of the core, and a generally higher fissure 
content - see fig. 4-14. This boreh~le also exhibits good imoer­
viousness b~tween 330 and 495 m, with values for water loss which 
lie below the measuring limit. At greater depths, fissure content 
increases again. It is therefore realistic to assume that this 
borehole marks the western boundary of the volume Qf rock which 
is suitable for housing a rock rerository. 
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Krlke~la 3 Core Borehole - diameter 56 .. , length 760 •• depth 
approx. 560 m-:-vas sunk with a 50° angle towards the WNW in good 
rock on Solberget, vhich is a low-fissured rib between two north­
westerly fracture valleys east of the geophysic.ally studied area. 
Bedrock conditions in this borehole are very similar to those in 
Kr1kem1la 1. Despite the frequency of fissures and narrow crush 
zones in the upper parts, the fissure content of the rock de­
creases vith depth. This indicates that fissuring of the rock 
around the topographically prominent valleys in the Krakemlla 
area is limited. 

OTHER AREAS 

itvra 

Xvr6 is located 1.5 km north of Simpevarp, and most of the land 
belongs to Oskarshamns Kraftgrupps AB (see fig. 4-8). Topographi­
cally, it is an island with many small fracture valleys. The bed­
rock consists of red to grey, medi~grained and unstratified to 
weakly gneissic Smaland granite. An eastwest steep diabase vas 
observed in one exposed rock slab. Geophysical measurements in~i­
cate that the entire area is divided into blocks with interven­
ing, slightly electrically conductive zones. A seismic study re­
vealed the following data: modulus of elasticity 25-43 GPa, modu­
lus of shear lQ-17 GPa, Poisson's ratio 0.25. 

XvriS 1 Core Borehole- diameter 56 Ulll, length 502.2 m- was sunk 
vertically in good rock in an area of high resistivity. The core 
shows red granite, which, despite considerable fissure content, 
has permeabilities below lo-7 m/s. Diabase was encountered in 
four sections, but the lengths of the sections are probably much 
greater than the thicknesses of the diabases, due to their steep 
angles. Belov 400 m, the granite in this borehole is heavily 
crushed and highly permeable. The studies were therefore not 
carried to completion. 

Bussvik 

Bussvik Bay is located 4.5 km northwest of Si~evarp (see fig. 
4-8) and was ~nly studied geologically and seismically from the 
surface. The area is characterized by latge, relatively low­
fissured surface slabs of Srnaland granite. Good seismic values 
were measured: modulus of elasticity SQ-60 GPa, modulus of shear 
2o-24 GPa, Poisson's ratio 0.2.5. No drillings haw yet been 
carried out in Bussvik. 

Forsmark 

rorsmark is located about J.S km W@St of the Forsmark nuclear 
power plant (see fig. 4-3) and within an area around the power 
plant which has been surveyed by means of geophysical aerial mea­
surements. Surface geology and geophysical measurements indicate 
that the area comprises a single coherent bedrock block with high 
resistivity and a lov frac~ure frequency. The bedrock is composed 
of medium-grained, weakly gneissic ~rey quartz diorite, which 
borders on leptitic gneiss on the south with a northwesterly 
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strike. The leptite is partially folded and haa a predominantly 
northeasterly dip. 

Forsmark 1 Core Borehole- diameter 56 mm, length 478,3 m- vas 
~vertically in good rock. Down to ~19 m, the hole runs 
through a rather law-fissured diorite with a varying content of 
hornblende and biotite, and occasional layers (2 m thick) of peg­
matite and aplite. At increasing det:~th, a nearly horizontal band­
ing becomes increasingly pronounced, and below 375 m, bandrd, 
light, partially le?titic gneisses predominate. At the same time, 
the quality of the rock deteriorates considerably. Drilling vas 
therefore terminated at.478.J m. The drilling results indicate 
that the study area describes a U-shaped convolution and that the 
diorite is 'not sufficiently deep. The area must therefore be re­
garded as less suitable for a deep rock repository. 
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5 GROUNDWATER CONDITIONS 

S.l GR.OUNDWATEP HYDROLOGY 

5. 1. 1 

R3dioactive waste which is st~reQ deep down in the ~edrock can be 
dispersed only via the groundwater. The magnitude of the ground­
water flow in the areas under consideration, as well as its velo­
city, retention time and pattern of movement. are therefore of 
grlt!at interest. 

The metallic or ceramic material which is used to encapsulate the 
waste can be. subjected to corrosion attack when it comes into 
contact with the groundwater. The nature and rate of the corro­
sion attack depend upon the chemical composition of the ground­
water, which is therefore another crucial factor. 

Permeability~!!!! bedrock 

As was related in chapter 4, the permeabil~ty of the bedrock was 
measured in a number of boreholes in 2 m (in some cases 3 m) long 
sections from the surface of the rock to the bottom of the bore­
hole. The results can b~ s1uumarized as follows. 

The upper part of the bedrock, which may extend d:N.l to a de.,th 
of anywhere between 2Q-30 and a few hundred metres, is often 
characterized by relatively high permeability, owing to an ex­
tensive and coherent network of fissures. The upper sections of 
the bedrock correspond most closely to the model for fissured 
rock developed by Snow /S.l/ on the basis of a large number of 
dri llings and permeability determinations down to a depth of 100 
m. With increasing depth, the abundance of sections of very law 
permeability increases, and there i9 a transition to conditions 
characterized by large formations of predominantly impervious 
rock, interrupted by narrower wate7-bearing fracture zones. The 
lower sections therefore exhibit the conditions for crystalline 
rocks at great depth described by Webster et al. /5-2/. 

Most of the groundwater flow in the bedrock takes place in the 
upper part of the rock, where permeability is often between lo-S 
and lo-7 =Is. HyJraulic coherence in this ~ection is generally 
good, which gives rise to a continuous and level water table./see 
Larsson et al. 5-3/. 

A smaller portion of the groundwater flows through the· deeper 
part of the bedrock, where its movement is for the most part re• 
stricted to certain water-bearing zones. Water-bearing zones of 
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5. 1. 2 

• 

• 
5. 1.3 

high saturation have been found in Swedish mines down to a depth 
of 900 m. Intervening sectiggs of rock have a permeability of 
leu than 10-9 m/s. 5 x 10-ll m/s has been measured in the gra­
nite at Stripa /5-4/. Hydraulic coherence between the individual 
fissures at great depth appears to be' severely restricted, as is 
evidenced by the fact that no measurable water flow was found in 
sections where both the drill core and TV examination indicate 
the existence of fissures. Considerable differences in the chemi­
cal composition and age of the water alsc indicate that hydraulic 
coherence between. the waterbearing zones in the same boreholes 
can be limited at these depths. But there is always some hydraul­
ic coherence via the more permeable upper part of the bedrock. 

Groundwater flow 

The rate of groundwater flaw is determined by the profile of the 
water table, the permeability of the bedrock and depth below the 
water table. The water table follows the contours of the land­
scape, with some smoothing-out. 

In order to calculate the grounJwacer flow, a large number of 
two-dimensional models with different water table profiles and 
pet'llleabil\.ty conditions have been simulated by means of special 
computer ~rograms /5-4, 5-5/. Figure 5-l shows the groundwater 
flow underneath an island, from its centre outwards. ThP. calcula­
tion is based on the fact that permeability is known near the 
surface and decreases with depth in a regular manner. This dia­
gram has been used as a model for the Karlshamn area, which is 
situated on a peninsula. At a depth of 500 m, a subsurface per­
meability of 10-9 m/s and a water table slope of 0.05, a flow of 
about 0.2 litres per m2 and year is obtained. 

Figure 5-2 shows the groundwater flow underneath a kilometre-long 
slope. In the calculation, it is assumed that permeability does 
not vary with depth, which leads to groundwater flows down to 
great depths. This model has been applied to the areas at Finnsjo 
Lake and Kr!kemala. For the Finnsjo area, a flow of 0.1 litres 
per m2 and year is obtained at a depth of 500 m, with a permeabi­
lity of lo-9 m/s and a water table slo~e of 0.008. For the Kreke­
m.'i ~ .1 a rea, a flow of 0.15 1i tres per m and year is obtained at 
the same depth and permeability with a water table slope of 
0.012. 

The flow values calculated above are probably much higher than 
the actual values, since the average permeability of the rock is 
lower. than the value of lo-9, which was the measurability limit . 

!h!, pattern~ groundwater flow 

The path of the groundwat:er through the bedrock can be i llustrat­
ed by means of the same type of diagram as is shown in figures 
5-l and 5-2, provided the calculations are adjusted to the actual 
elevations within a given area. For two-dimensional calculations, 
it is assumed that slopes and other landscape contours are ori­
ented perpendicular to the plane of the figure and extend far in 
this direction. In order t9 be realistic, the calculations must 
be made with regard to a plane which is perpendicular to- t~e di­
rection of the dominant valley. Furthermore, the permeability of 
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the rock within the area must be assumed to be constant or change 
with depth in a regular manner. The influence of individual zones 
of higher permeability, which are responsible for much of tr.e 
flow in the deeper parts of t~e bedrock, can therefor£ not be 
simulated by the model. By varying the assumptions for the 
calculations and thereby distributing the effects of the indivi­
dual zones ·over greater volumes, it is neverthele"'S possible to 
shed light upon the general flow conditions. This has been done 
for the Finnsjo area (see !ig. 5-3 and 5-4). 

The diagrams show, as was already known, that the groundwater 
flows downward into the bedrock in elevated areas, after which it 
turns and flows upward again towards large adjoining valley 
floors, wh•!re· it can reach the surface at points of groundwater 
inflow into waterways. The influence of terrain features often 
extends down to depths of several thousand metres. The longer the 
slcpes are, the deeper their influence reaches. The surface area~ 
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figu,-p .5-2 Diagrf'm of calculated groundwater flow under a slo~ 171~ height and length SC'aln 
ar-PIn merres. 17r~ topch~~ shovnlinesfor equal flow aprnsed in Jo-9 ml!s and a crou­
fi!Ctional amz of J m2. nr~ lowu chart shows flow linn and equipotential lines. No bottom 
smface at a jinit~ depth is assumed in this ca~ Permmbil~fY is constant at Jo-6 mjs. /.5-S/. 

where groundwater from great depth issues are small, and the up­
flow is accompanied by a very heavy dilution of the groundwater. 

One consequence of these general conditions is that the ground­
water movements in an area lacking extensive, flat aquifers are 
divided into smaller flo._- cells and tha:: groundwater transport is 
predominantly of a local character. This pattern becomes more 
pronounced if the valleys follow fracture tones i~ the bedrock 
where permeability is high. 

The diagr~~s for the Finnsjo area show that the flow there is di­
rected towards Finnsjo Lake and towards a valley approximately 
2.5 km ncrtheast of the take. There is probably also some upward 
flow in the fault valley which borders on the study area towards 
the northeast. No cold springs have been found here or in other 
parts of the area, which indicates that none of the deep ground­
water rearhes up to thP surface. The groundwater should therefore 
frllow roughly the pattern ~!iustrated by the diagram. 
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Figure 5-J. DillgTrlm of groundiWite' flow p~~ttem In a nun'reasterly section through the 11rell11t Flnnsjo. An Impenetrable wttom ~Ur{ace 111 
finite depth iJ not11rsumed In this case. Perme11bility i.r us~Umed to decline by jO% fur wery I 00 mttm. The flow lines tue chusen 10 thatthil 
flow detre11res with depth by II factor of JO 000 between IWtJ flow lines. jJ.jJ. 
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FrtWn J-1. lkt11il from f.- 5-J. 17w flow lhws 1ft cite,- so tlt.t tM ~flow dt­
CTtnft witlt d~tlt by. 11 {«trw of I 0 benw.m two flow li11a. A ,.,a FifftlfjiJ ukr, B marb tM 
lf'UUI'Idll.wter dtrith, C '""*t • f.Ut Nlley, mt1 D mri:t tlw ot~t/low.,. 1M l'rpOritory a 
IPttlrhd witlr 111f«ny liM ulldtr B. !lott tllllt tlw t'fJflndll.wttr flows tltrotq#l tM l'rpOiitory ill • 
do__,j dirrctiorr md dots 1t0t n«lr •boN 11 dt!ptlt of J(J() wwtm 1111ri it n.:ltft tlw Oflt/IOw 
mars. {17w ~""' takm from /5-.5/, belt tlw "qqf)litory is slloMt 1ft lllfOtMr politioft). 

Dilution effects 

The diagram in figure 5-4 can serve as a hasi~ for an a3sessment 
of the dilution of the groundwater which could caa. into contact 
with the waste canisters in a rock repository in the Finnsjo 
area. Ass·~ that the reposit~ry is located at a depth of 500 
metTes in the middle of the downward groundwater flow at p~int.B 
in the figure. The repository contains 9 000 canisters with a 
length of 1. 8 m and a diameter of 0. 4 m. ·The cross-sectional area 
of a canister is thus 0. 7 ra2. The flows to Finnsja Lake and 
towards the northeast each come into contact with half of the 
number of canisters, with an aTea of about 3 000 ml, and amount 
to 3 000 x 0.1 ft 300 litres per year. 

As is evident from the diagram, the flow at the repository is in 
a downward direction and then remains for the most part at a 
depth greater than 500 m, until it swings upward underneath 
Finnsj<S Lake (A in figure 5-4) and under the valley in the 
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northeast (D in figure 5-4). It is thus out of reach of normal 
rock vella along its path. 

In Finnsja Lake, the groundwater is diluted by surface runoff and 
groundwater from the Finnsjo catchment area, which is about 100 
km2. With an annual precipitation of 550 mm and an evaporation of 
300 mw, a total water volume of 2.S x 107 •3 is obtained. As vas 
mentioned above, a groundwater flow of max. 300 litres per year 
is expected to come into contact with the waste canisters and 
then flow into Finnsj8 Lake. tts dilution there will then be 
apprOximately 1 part in 8 x 107, 

A similar dilution of the water from a catchment area of 10 km2 

takes place under the valley at D. The dilution is then 1 part in 
8 X 100, 

As regards the fault which borders the Finnaja area towards the 
northeast at C in figure 5-4, it is conservatively assumed that 
an UlJ'o'Arcl flow takes place, It is even more conservatively assum­
ed that this upward flow is so heavy that it leads to a complete 
and thorough mi~ing of the groundwater down to the level of the 
fin.zJ repository. Dilution takes place by the groundwater from an 
infiltratjon area of 2 Jaa2, whose volume is calculated to be 
0.5 x 106 1113. ~·moff within the area is regarded as negligible. 
The dilution ratio ii :h~n abuut 1 part in 1.7 x 106, which 
applies to the water which may be taken out from a rock well. If 
the upward flow does not reach the surface and mixing of the 
groundwater in the fault zon• is incomplete, the well will tend 
to be filled by groundwater closer to the surface which has not 
been in contact with the waste. The dilution ratio will then be 
considerably greater. 

Effects !?_! !!!_S~ ~ generation 

Calculations have also been carried out in order to elucidate the 
effect of the upward flow over a rock repository which may be 
caused by the heat generated by the wa:te during the early phase 
of the storage period. In agreement with pre.i-:-••s American esti­
mates by the National Academy of Science /5-6/, this fact~r has 
been shown to give ri!e to an insignificant perturbation of the 
prevailing pattern of flow in the vicinity of the rock reposito­
ry. 

Lowering ~ recharging of ~ aquifer 

The effects of the drainage pumping of a rock repository during 
the construction and deposition phases have also been investigat­
ed /S-4, S-7/. These calculations are of importance for future 
planning and engineering design work. The r~charge time for the 
aquifer around the final repository, after it has been sealed, 
can be expf!cted to be lengthy on the ba11ia of e'XJ)erience from 
abandoned mines.·ouring this period, there can be no outflow !rom 
the area. 

., 
• 

• 

I 

I 
__j 



-
41 

5.1.7 

5.1.8 

) 

L 0 -·· ........... ......-...-..• 

Short-tarnt variations in ~ groundwater !!!!.! 

A reviev of the literature and-Swedisb studies of short•ternt va• 
riation. in the groundwater level has been carried out. /!1-8/, It 
shova that the groundwater level in the Swedish bedrock exhibit• 
certain short•tena variations which occur without the vater con• 
tent of the rock changing. The level il affected by such facton 
aa tidal movements in the bedrock due to the influence of the sun 
and the moon and changes in air pressure. Severe earthquakes •t 
distant points on t;e globe, for example off Portugal and in 
Japan, also affect the groundwater level. All of these variati~• 
·are small in comparison vith seasonal and precipitational varia-
tion. and no effects vitn any appraciable bearing on the condi­
tions in and around a rock repository have been fo~~d. 

Groundwater age 

The time during vhich the groundwater resides in the bedrock is 
of importance in viev of the natural decay of the radioactive 
elements and their retardation and retention by the rock. ln the 
same rock volume, the residence time for the vater is least in 
the larger, water-bearing fracture zones. In the intervening bed­
t•ock blocks of low permeability, the residence time is many times 
greater. Residence time in the fracture zone was ascertained by 
means of age determinations carried out on vater samples from the 
boreholes·. 

Age determinations on water samples were carried out using the 
carbon 14 method, which tells how much time has passed since the 
water became isolated from the atmosphere. Four vater samples 
from the borehole in Kr!kem!la have been studied thus far. 
70 litres of water are required for each det~nnination, as a re­
sult of which samples could only be obtained from zones with high 
water flow. 

Two samples from depths of 291 and 510 m in borehole No. 2 gave 
ages of 4 400 and 4 275 years respectively. Two samples from 407 
and 493 m in borehole No. 1 gave 11 055 and 8 205 years, respec­
tively. The determinations were carried out by the laboratory for 
radioactive dating. Correction for exchange vith car~onate mine• 
ral was made on the basis of carbon-ll content. 

The analytic uncertainty inherent in these determinations is 
about +1~0 years. However, larger errors in th-. age determina• 
tions may result from various measures undertaken in the bore• 
holes prior to samplina. During drilling, large quantities of 
"younger" surface water were pumped down into the holes for 
flushing purposes, and heavy draiage pumping was carriea out pri­
or to sampling. These disturbing influences resulted in water of 
different ages being mixed, presumably resulting in age u~deres­
ti~ations. Judging from the chemical composition of the water 
samples, the sample of the highest age is the one vhich is least 
distu~bed by surface water. 

The difference between the results 4 275 and 4 400 years is 
within the. analytical error limits, The differences between the 
age results of 4 000 years on the one hand and 8 000 and 11 000 
years on the other C<"n probably be explanined by the different 
positions and permeabil~ty conditions of the boreholes, insofar 
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as they are not the result of the aforementioned disturbances. 
Borehole No. 1 is located on a nearly horizontal plateau-like 
part of the study area • not far from the fracture valley vhich 
comprises the boundary of the area on the northeast. The water 
table is therefore nearly level. And since the core from this 
borehole shawa a large portion of impervious rock, the rate of 
groundwater flaw is low, the residence time of the water long and 
its age high. The differences between the agc3 and compositions 
of the water samples from the fissures in this hole clearly show 
that the fissures have little hydraulic coherence. 

Borehole No. 2 in KrakemAla is located closer to the local water 
divide between Lake Gatemaren and the Baltic Sea, and the water 
table he.re is located about 10 m below the surface of the ground. 
This would indicate that the groundwater here is flawing d~ 
ward, which, together with the predominantly higher permeability 
of the roclc, could o!xplain the lover age of the.water. 

The Krakemlla area is certainly not an exceptional case with 
respect to groundwater age. The general groundwater turnover rate 
here is, in fact, probably higher than in the other two study 
areas. Only a few age determinations on groundwater from great 
depths in the bedrock from other locations are known. One age de­
termination of 4 010 years on mixed water from a depth of 136 m 
from a well in :ne bedrock in Finland /Donner and Jungner, S-9/, 
and another determination .of 9 785 years on a mixed water from a 
depth of about 300 m at Storjuktan carried out by the Geological 
Survey of Sweden on behalf of the National Council for Radioac­
tive Waste Management, shaw that the age determinations from Kra­
kemlla are not except:.onal. The sampling conditions in both of 
these cases were slightly different, but mixture vith younger wa­
ter should have led to underestimations of age. 

The age determinations shaw that it takes at least 11 000 years 
for the vater to travel from the infl~~ area to one of the samp­
ling points in the Krakemlla 1 borehole. Since the dated sample 
vas taken from a water-bearing fissure at a depth of about 400 m, 
it may be conclu]ed that groundwater which passes through a deep 
rock repository located in the inflow area in a rock formation of 
low permeability should require even more time to return to the 
surface. 

The residence time of the groundwater in the rock has been calcu• 
lated for a number of typical cases vith the aid of the flow mo­
dels mentioned previously. The results vary widely, however, de­
pending on the choice of conditions. As a rule, the calculated 
residence times are lover than the. ages determined by means of 
the carbon 14 method. This is due. among other things. to the 
fact that the measured permeability values which vera used in the 
calculations are higher th.an the actual values, and that their 
directional dependence, as well as the hydraulic factors vhich 
prevail at great de~th, are not yet sufficiently vell IJI'Iderstood. 

GROUNDWATERCOMPOSnnON 

The chemical composition of the groundwater plays a decisive role 
in determining the durability of the waste and enr.apsulation ma­
terials and in determining the ability of the bedrock to retard 
and retain the waste substances. The decisi¥e factor which deter--
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aines the composition of the groundwater is the fact that it is 
in long-te~ contact with th• minerals in the bedrock, which are 
•~lid phases of relatively constant composition. The fissure­
filling minerals are Pspecially important in this connection. 
This contact results in chemical equilibriums which give rise to 
a given groundwater composition, regardless of local or random 
disturbances /Garrels 5-10, Eriksson and Khunakasem 5-11, Jacks 
5-12, Eriksson and Holtan ~-13/. An example of such equilibrium 
reactions is that groundwater which can locally become acidic 
will rapidly return to a pH of around 8 as a result of reactions 
with the bedrock. If the water should locally become oxidizing 
due to oxygen infusion, this oxygen will quickly be consumed by 
reactions with the bivalent iron pr~sent' in the rock mineral. 
This has been.illustrated by several introductory experiments 
perfotmed in the presence of atmospheric oxygen: 

· Sarpl~s from the FinnsjB area consisting of granodiorite and 
chlorite plus crushed material from a crush zone were finely 
ground in air and mixed with distilled water with a pH of 5.6 and 
a redox potential of Eh + 610 m V. Following centrifugation j_n 
sealed tubes, the Eh of the water dropped to +0.315, +0.267 and 
+0.084 m V, respectively, while the pH rose to 8.9, 9.2 and 9.4 
respectively. 

GroundwAter analyses from rock wells in Sweden have not been sys­
tematically compared. Rut an extensive body of data is available 
from Fi~land, which has the same type of bedrock and groundwater 
as ·Sweden. Laakso /5-14/ reviews these data, which specify mean 
concentrations and ranges of variation for most of the principal 
subnanc~s in water from some 1 100 analyses of samples taken all 
over Finland, and Lahermo /5-15/ presents a selection from the 
coastal region ot southeastern Finland. However, these data gene.; 
rally apply to shallow wells. The only analyses of Wdter sampl~s 
from depths of around 500 m which are available apply to mine 
water, which for many reasons cannot be regarded as being repre­
sentative in this context. 

Water samples from the boreholes in Kr!kemlla and Forsmar~ were 
analyzed. In Forsmark, samples were taken from a depth of 450 m 
by means of an apparatus designed to prevent contact with atmos­
pheric oxygen /5-16/. These analyses show that the oxygen content 
of the groundwater is less than 0.01 mg/1 (which is the measur­
ability limit) and that all dissolved iron is bivalent, plus thlt 
the water has a sulphide content (in the form of hydrogen sul­
phide) of 5 mg/m. 

Table 5-l, which is taken from /5-16/, gives the results of ana­
lyses of water from a number of wells and boreholes in northern 
Uppland. The table also indicates the estimated range of varia­
tion of the analysis values. 
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RETARDATION AND RETENTION OF WASTE 
SUBSTANCES 

Various sorption effects and other chemical processes generally 
lead to a retardation of the substances dissolved in the ground­
water in relation to the movements of the groundwater. Laboratory 
studies and field tests have been conducted in order to shed 
light on these factors by Ailard /6-1/, Landstriill et al. /6-2/ 
and Neretnieks /6-3/. The results are generally in agreement ~ilh 
what is reported in the literature /Burkholder et al. 6•4/. 

On the basis of the experimental data, retardation factors can be 
calculated for the different substances /Grundfelt 6-5/. 

These and related matters are dealt with in greater detail in 
volume IV, chapter 6.5. 

Field tests concerning such retardation effects 'W1!re conducted at 
Studsvik for the National Council on Radioactive Waste Management 
(PRAV). In these tests, tracers 'W1!re inject"cl into boreholes at a 
depth of 70 m in fissured rock with heavy water flow and permea­
bilities around 10-5 m/s. The groundwater flow was accelerated by 
means of pumping in another hole and samples vere: taken from a. 
hole between the injection hole and the pump .hole aE well as from 
the discharge water. The transmit time of the WRter was determin­
ed with the aid of a water tracer. The test confirmed the retar­
dation effect on strontium and cesium. 

In a later study, which was commissioned by KBS, the tests 'W1!re 
repeated after the same rock sections had been sealed by means of 
bentonite grouting. Bentonite is a commonly occurring natural 
mineral many millions of years old consisting priaarily of smec­
tite minerals. Smectite occurs fre~uently as a natural crack 
filler in the Swedish bedrock and has also been found at Krike•\­
la and Karlshamn. It is in chemical equilibrium with the ground­
water and the other minerals in the bedrock /Garrels, 5-10/. The 
tests are still in progress, but it can be noted that strontium 
added to the water has not yet (after 4 months) arrived at the 
metering point locatea SO metres from the borehole vhere it was 
injected /Landstrom and Klockars, 6-6/. The transit time of the 
groundwater over this distance was about 10 hours prior to seal­
ing. 

Certain elements take part in chemical reactions so that they are 
retained in the rock. Such a fixation of cesium has be•n demon­
strated by laboratory experiments /Levi and Miekely, 6-7/. Other 
experimental studies have shown that hydrogen sulphide or mine­
rals containing bivalent iron can precipitate insoiuble uranium 
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dioxiJe f~ solution• of carbonate comple~• of.hexavalent 
uranium by ~ana of reduction at room temperature !Rafalsky, 
Miller, 6-8, 6-9/. Theot'etically, the same should occur with plu­
tonium and other transuranium elements. 

Many examples of such reactions are found in nature. Thus, ex­
tensive uranium ore depoeiu have been formed by precipitation in 
this manner /Adler, 6-10, Dahl and Hagmaier, 6-11/. In Sweden, 
uranium dioxide occurs as fissure filler in the crystalline base­
ment rock in such areas aa northern Uppland and at Pleutajokk in 
Norrbotten county /Adamek and Wilson, 6-13/. In both of these 
cases, the mineral has been retained in the bedrock for more than 
1 500 million years. It has also been shown that naturally formed 
transuranium nuclides in the Oklo uranium field at Gabon have not 
been dissolved or carried away by the greundvater /6-14/ • 
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7 FUTURE BEDROCK MOVEMENTS 

7.1 

Special studies have been devoted to the question of whether 
current rock conditions may significantly deteriorate during the 
long period of waste storage in a rock repository due to new 
fracturing and future movements in the bedrock. The formation of 
new fissures could then lead to higher permeability in the rock. 
Future displacements could also cause damage to the vitrified 
waste bodies and their canisters. These questions are further 
explored belcw. 

ROCK MOVEMENTS AT KARLSHAMN 

The exposed rock at the Karlshamn power station provide a good 
opportunity for examining the extent of the displacements and 
dislocations which have occurred due to fracturing in a selected 
area of bedrock. There are recently blasted vertical road cuts as 
well as large. smooth and clean sections of rock outcrops along 
the shore with a combined area of many thousands of square 
metres. The bedrock contains numerous slices of light pegmatite. 
At points where these slices of light peg1113tite are crossed by 
fractures. the magnitude of the vertical (in the road cuts) or 
~~.~~ontal (in the shore outcrops) displacement in each individu­
al fracture since the formation of the pegmatite can be measured. 
The pegmatites were formed 1. 45 • lOg years ago /We lin and Blom-
qvist, 7-1/. · 

Two independent observers have studied the area. There is no sig­
nificant difference between their reports. The results are ~umma­
rized in the following table: 

Displacement (mm) 
~umber, observer I 
~umber, obs~rver II 

Percent 

1 
(44) 8 

37 

51 

1-2 
25 
16 

26 

2-S 
11 
15 

16 

5-10 
s 
4 

6 

lQ-20 
1 

1 

a) Calculated in proportion to the number of cracks exhibiting 
major displacement. 

The studied areas of rock have been exposed to glacial action 
fr~st bursting and other disintegration processes (blasting in 
the road cuts) which have acted on the exposed top surface of the 
rock. Rock elements at greater depth!! would have been subjected 
to uniform constraint from all sides by the surrounding rock. It 
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can therefore be concluded that the total vertical and horizontal 
movements caused by similar fractures at greater depths ~re less 
than 20 mm. The resulting average displacement has thus been less 
than 0.02 mm per million years. Similar observations-.at Finnsji:S 
Lake indicate a value 15 times greater. The time dependence of 
~he movements will be discussed later on. 

FAULT MOVEMENTS IN THE VICINITY OF THE STUDY AREAS 

Besides internal fissuring, the bedrock also exhibits continuous 
fracture lines. someti~es many miles in length. These fracture 
lines divide the bedrock into blocks of varying size which have 
been displaced more or less in relation to each other. Such frac­
ture zones are called faults. The magnitude of the vertical dis­
placements (throws) in the subcambrian peneplain (see 4.3.1) can 
be established both in the region around Finnsji:S Lake and around 
Krakemala. In northern Uppland, such displacements are generally 
less than 15 m9 while the t.otal movement in the Oskarshamn di­
strict is around 30 m. This gives an average vertical displace­
ment in these zones of movement of approximately 6 em per million 
years or less during the 570 million years which have passed 
since the peneplain.was formed. 

Of special interest is the north-south fault which runs through 
the GOtemar granite west of the study area at Kr1kemala. The sub­
cambrian peneplain here has been displaced some 25 m, while the 
total movement is estimated on the basis of crvstalline bedrock 
geology to be around 500 m /Kresten and Chyssler, 4-12/. This 
shows that about 95% of the movement took place more than 570 
million years ago. and that the average speed at that ti~ was 
about 10 times higher than afterwards. 

FAULTS lN SKANE 

One of Europe's major zones of movement runn through Skane and 
can be followed t~ards the s~uthest all the way to the Carpathi­
ans /Yanshin et al., 7-2/. In Skane, this zone marks the boundary 
of the Scandinav.ian Precambrian shield towards the younger bed­
rock to the south. The boundary zone is characterized by faults 
which have exhibited major movements during the past 570 million 
years aa well. 

R6shoff and Lagerlund /7-3/ have studied ~o of these faults in 
relation to the sedimentary rocks of Sk!ne an~ their ages. and 
were thereby able to establish the vertical displacements which 
have taken place during four different geologic~l periods: over 
180 9 200 9 130 and 65 million years. respectively. The result ob­
tained for the larger fault was a total vertical threw of nearly 
2 000 m and an average vertical throw of 3.4 m per million years. 
Average displacements of similar magnitude were noted for'the 
different periods.- the variation is between 4.9 m per million 
years and 2.6 m per million years. The smaller fault exhibits a 
total vertical thrav of around 240 m and its average rate3 vary 
in a similar manner ber~en 0.59 m and 0.23 m per million years. 
Roshoff and Lagerlund emphasize that these data are mean values 
taken over long period& of time and that it is assumed that the 
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movements took place in ra,id ste~• separated by. long periods of 
little or no movement. 

It is also of interest that the younger rock formations in Skane 
exhibit fewer faults than the older underlying Precambrian bed­
rock. The number of faults in chalk Jeposits is only about 20% of 
the number in the bedrock. Approximately one-third of the faults 

·in the Sil"..lrian strata and half of the faults in the Triassic. 
strata do not extend down into the Precambrian bedrock. Condi­
tions are similar in many oth~r areas with. edimentary bedrock, 
and have als? been simulated in instructive model studies /7-4/. 

7.4 RECENT ROCK MOVEMENTS OF THE FAULT TYPE 

' Rock movements ·~ich occ~rred in Sweden during or;since the ice 
age and are still in progress have been known for a long time, 
but have often been regardej with some doub.t. The \AKA Commit tee's 
report made special mention of the occurrence of ~ch movements 
in south-eastern Sweden. Since ~hat time. new and ~re definitive 
observations have been made. A review of these observations and a 
general reg1onai. inventory of recent fracture zones in southern 
Sweden hag been carried out by Roshoff and Lagerlund /7-3/. A si­
milar o;cudy for central and northern Sweden is reported by Lager­
b~ck and Henkel /7-5/. 

According to these reviews, the most important examples of recent 
faults are to be found at Kullaberg in SkJ.ne and in certain re­
cently geologically surveyed parts of Norrbotten and Vasterbotten 
~ounties. An area exhibiting indices of recent fissuring of an~ 
other character has also been noted on the Fulu massif in Dalar­
na. The irregularities in the land elevation process noted by 
Mornf!r /7-6/ should also be mentioned hez·e. 

The inventor/ of fracture zones has included studies of satellite 
pictures and a review of topogr-'\phical n~<1'PS and aerial photo­
graphs. No certain, previously unknown, recent faults have been 
found, with the possible exception of a fracture zone at Ekorva 
on the Asheda topographical map-sheet. 

This is no guarantee that recent faults have not occurred in 
other areas, but it does indicate that large parts of Sweden lack 
clear examples of such zones of movement. In particular, it 
should have been possible to discover recent faults, if such ex­
ist~d, in the very flat areas where KBS bedrock studies were 
conducted. 

Further studies are required to obtain a complete picture of the 
formation and importance of reported recent rock movements. But 
an important factor wh;ch recurs in the cited reports is that 
these recent movements are associated with older zones of move­
ment in the Precambrian bedrock. It is said that the faults at 
Kullen in Sklne ~ere initiated more than 570 million years ago, 
and that subsequent movements have taken place d~ring several 
geological periods, including since the ice age. It is also noted 
that the recent faults in Norrbotten and Vasterbotten counties 
conform largely to older faults. Morner also shows that the 
irregularities which he reports in shorelines and in the land 
elevation rate are caused by the fa~~ that movements are still 
taken place in the contacts between different r:pes of rock and 
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in the fault lines in the bedrock. This agrees with the basic ge­
ological observation that large cracks and fissure zones are very 
old and have been reactivated in recent periods of deformation 
/Cloos, 1-11. This has also been co~firmed by a large-scale study 
of the entire structure of Eurasia ~y Yanshin et al. /7-1/ and in 
Scandinavia by Tuominen et al. /7-8/ as well as Stromberg /7-9/. 
Knowledge of existing zones of fracture is of great importance in 
planning.a rock repository. By locating the repository in an area 
without major fault lines, and in a block of bedrock which is 
hounded by joint planes where any existing stresses can be re• 
leased, it is p~ssible to isolate the repository from the effects 
of recent fault ~ovements. 

ROCK MECHANJCS STUDIES · 

One reason why recent fracture and fault movements follow older 
fracture lines is that such fracture lines represent already ex­
isting joint planes where stresses can b• released more easily. 
This has been elucidated by means of rock mechanics calculations 
by Stephansson /7-10/. The results show tnat the risk of fissur• 
ing decreases as the number of e~isting fissures increa~es and 
the distance between them decreases. A sample calculation shows 
that a displacement of 10 m/km in rock with a fissure interval of 
2 metres does not give rise to new fissures. Instead, th~ move­
~nt is distributed over e~isting fissures, and the change in 
fissure width, and thereb? in permeability, is negligible. 

In this context, it should also be noted that cc~tain rock mecha­
nics parameters have been determined in the laboratory for drill 
core samples from the areas at Finnsjo Lake and Krakemala. Tests 
on materials from Karlshamn are still in progress. The results 
obtained thus far are presented in table 7-1. 

No m~asurements of the internal stresses in the bedrock have been 
undertaken within the study areas. However, a relatively large 
number of stress measurements have been carried out in Scandina­
vian bedrock at varying depths down to about 900 m over the years 
1951-1976. The results show a very wide spread both geographical­
ly and locally. Some of this spread seems to be ~ result of the 
fact that earlier measurements 17-ll/ indicated considerably 
greater stresses than recent measurements i7-12, 7-13/ using im­
proved and mo~e well-defined measuring methods. There are, never• 
theless, undoubtedly genuine wide regional and local V3riations 
in the internal stresses in the rock due ro various geological 
factors, topography etc. /7-13/. 

In general, it can be concluded. that the measurements indicate 
the existence of larger horizonl~l stresses than couid be expect­
ed on the basis of purely theoretical elasticity considera~ions. 
The same applies for the maximum shear stress, which determine~ 
the risk of fracture in the rock mass. However, the shear 
strength of the rock increases almost linearly •ith increasing 
depth due to the pressure of overlying rock masses /7-14/. Judg­
ing from the rock stress measurements which have been made, it 
can therefore b~ concluded that, apart from isolat~d cases, ade­
IJUate safety margins against rock fracture exist at the depths in 
question due to the intern~l stresses of the ~ock. The same con­
clusion can be drawn on the basis of the results of the earlie~ 
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Table 7-1. Rock mechanics parameters from drill cores, deter-
mined at the Division of Rock Mechanics at the 
Lulel Institute nf Technology. 

Compressive Tensile Modulus of Poisson's 
strength strength elasticity, ratio 

50% breaking 
load 

Krakem1ta 1 MPa HPa GPa 
(6 samples) 

M (Mean value) 188.2 8.92 61.4 0.20 
d (Standard 17.8 0.94 4.3 0.03 

deviation) 

Kr1kem1la 2 
(6 samples) 

M 1.52.7 6. 77 57 .. 1 0.21 
d 18.7 1. 59 6.7 0.05 

Finns jon 1 
(6 samples) 

M 252.5 13.47 81 • .5 0.18 
d 7.7 2. 30 3.6 0.01 

Finnsjon 2 
(6 samples) 

M 228.8 13.50 83.6 0.21 
d 11. 2 1. 50 2.4 0.02 

measutements. This conclu~ion is also in full agreement ~ith 
practical experience from mining operatiuns at variouH de?ths. 

Naturally, measurements of rock stresses will be includ~d in the 
arsenal of preliminary study methods \.'hich wi 11 be used to deter­
mine a su~t-ble loc'ltion for a final repository. 

FRACTURING FORECAST 

It is possible to forecast the formation of new fractures and 
fracture movements during the storage period on the basis of 
average values and their expected deviation. Such considerations 
can be based on the age of the bedrock and the local frequency of 
fractures in each area. The existing fractures in the bedrock 
constitute a nat~ral record of all previous occasions on which 
permanent cracks were formed. 

As an example, consider a 1 000 m long section of a rock forma-
. tion which is 1 000 million years old and where the number of 
crac~~ is also 1 000 (in other words, the avera~e distance 
between tl~!> cracks is 1 metre). This means that an average of one 
new fissure was formed every million years. Assume that this 
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section is representative for the' rock surrounding a roclr. repoai• 
tory. A storage period of one million yean with an average· 
amount of roclt movement would then lead to an increase in the 
fissure content of the rock, and thereby its permeability, by • 
factor of 0.001 of the present value. A 1110re qualified forecast 
of this type of future has been worked out by Ringdahl et al. 
/7-15/. Such .l forecast is dependent •·;Jon whether the rock move• 
ments during the forecast period are greater or less than aver­
age. Another factor which must be taken into conaidera~ion. is 
that the risk that a deformation will generate a new fracture di­
minishes as the distance be~een existing fissures de~reases. 

The question of whether the rock movements Vhich will occur dur­
ing the storage period will correspond to an average frequency 
for a very long period of time .can be clarified by considering 
the rock movements in their chronogeological context. It is im­
portant to begin 1y noting that the most of the fracturing of the 
Precambrian bedrock outside of Skane took place more than 570 
million years ago, i.e. prior to the formation of t~ subcambrian 
peneplain. In the K.ulshamn area, the fr:1cturing took place pri­
marily about 900 million ~ars or more age. The fracture pattern 
at Krakemala is for the most part 1 300 million years old. The 
general mineralization of the fractures in the Finnsjo area and 
their proximity to the Jotnian rock formations at Glvle indicate 
a similar or greater ~ge /see Wiman 7-16, Welin 6-12, Gorbatschev 
7~17 and Welin and Lundqvist 7-18/. 

The generally small amount of move!llent in the Precambrian bedrock 
over the past 570 millio~ years is evident in the large extent 
and limited deformation of the subcambrian pt!neplain and in the 
largely undisturbed stratification of the overlying aluminous 
slates and limestones. nisturbances in the pen-!plain c:-onsist of 
an elevation of the land surface of up to several hundred metres 
which can be followed from the west coast to Skelleftea and which 
comprises the western boundary of the peneplain. Then there are 
also the previously mentioned faults, which divide the bedrock 
into blocks. The faults are normally steep and the displacement 
is predominantly vertical. 

All of this shows that fracturing and move~nts in the precamb­
rian bedrock ()Ver the past 570 million years have been small and 
below the average for a longer period of time. !he above-cited 
data from the GOtemar fault show that the aggre~ate deformation 
there vas about 20 times less, and the deformation rate between S 
and 10 times lower, durin~ this period than previously. Similar 
conditions have also been reported for other pa~ts of the country 
by Roshoff and Lagerlund /7-3/. This abating tendency in rock 
movements indicates that the previous forecast is based on ex• 
cessively high average values. Thus, change in the rock during 
the storage period will be considerably less than calculated. 

Howev~r, movements in the bedrock have not been constant during 
the past 570 million years eith~r. Peaks in the fissuring process 
can be established on the basis of the general connection which 
exists between the fissuring of the earth's crust and volcanic 
activity. The following age determinations have been reporteu for 
volcanic formations in Sweden Vhich are youn~er than the Precamb­
rian bedrock /see Klingspor 7-19, BystrOm et al. 7-20, Kresten ec 
al. 7-21/: 
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540 million years, alkaline rocks ft~ Alnin and Avike near 
Sundsvall. 
4SO million year•, bentonite from Kinnekulle in Viaterg6t• 
land. 
295-280 million years, basaltic rocks in northern Sklne and 
Vlstg6taberg, alkaline rocks in Sirna. 
167 million yea1s, basalts, northern SkAne. 
108 million years, basalts, northern Sklne. 

No more recent basaltic. volcanism has occurred in Sweden, but 
faults in the chalk deposita in Sk!ne indicate movements which 
have taken place during the ·past 6S million years. 

These data shaw that the past S70 million years, with their lover 
average fracture movement data, have also had periods of higher 
activity. rbe concentration of these events in Sklne is clear. 

Age determinations make it possible to consider movements in the 
Precaab~ian bedrock in a larger context. Three major and exten­
sive deformation period~ during the pas~ 570 million years have 
led to extensive orogeny, granitization, fracture movements and 
volcanism in the areas between the Mediterranean-Sea and the 
North Atlantic. During all of this period, the Nordic bedrock has 
remained an extr~~)y stable area, whose law level of deformation 
is proved by the subcambrian peneplain and superimposed rock 
strata. It may be added that many other precambrian rock areas in 
the world exhibit a similar appearance, while areas with more 
active rock movements and volr.anism are also characterized by 
different conditions with respect to age, rock types and geologi­
cal structural features. Probing dteper, it can be noted that 
basalt •tolcanism in Sweden and associated break-up of the sub­
cambrian peneplain approximately 290 million years ago coincides 
with similar activities in Greenland, Europe, East Africa, Mada­
gascar and Western Australia /see Kent 7-22, Turner and Verhoogen 
7-23/. Similarly, more recent basaltic volcanism and fault move­
ments in Skane can be chronologically associated with other 
areas, of which the North Atlantic and the continental part of 
Eurcpe north of the Alps are of the greatest interest as far as 
our forecast is concerned. 

A survey of bedrock movements and their age relationships in the 
North Atlantic was recently submitted by Bott /7-24/. Volcanic 
activity in the area is summarized by Turner and Verhoogen. The 
geological development which is described began some 180 million 
years agn and culminated about 40 million years ago. At that 
time, volcanic activity extended from Greenland, Jan Hayen and 
Spitzbergen all the way to Ireland, at the same time as northern 
Europe separated from horth America. The rock movements in Sk!ne 
can be regarded as a marginal part of this progression, where 
volcanism comprised an introductory phase. The same progression 
also affected other parts of northwestern Europe, although with 
much less intensity. This probably explains the weak upwarping 
which constitutes the western boundary of the subcambrian pene­
plain in Sweden, the much greater upfaulting which gave rise to 
the ste~~ Atlantic coast of Norway and the subsidence of the 
previously forested parts of the Baltic Sea, which are the source 
of Baltic amber. The studies in the North Atlantic ~ke it 
possible to follow developments over the past 100 million years 
as well, although observations in Sweden concerning this period 
of time are very incomplete. The decrease in rock movements over 
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the put 40 million years, as well aa the fact that volc:anilm i1 
currently restricted for the most part to Iceland, show that the 
entire region is now in a period of insignificant and abating 
roc:k movement. 

A similar picture is obtained of the continental part of Europe 
north of the Alps /Rutten 7·25/. This region onc:e contained a 
somewhat fragmented volcanic: province which extended from France 
to Poland.· This volcanic activity has been connected with later 
phases in the formation of the Alps. As in the North Atlantic:, 
volcanism in this province reached a maximum during the Tertiary 
period and has diminished steadily sinc:e that time. The moat re­
cPnt volcanic: eruption occurred 11 000 years ago in southern Ger-­
many. The rock movements in Scandinavia c:an also be regarded as a 
part of this phase. 

The movement~ whic:h took place in connection with certain faults 
in Sweden during various periods and which can be derived from 
geological observations are presented in figure 7-1 in order to 
depict schematically the progression of movement and the diffe­
rence between the Precambrian shield and adjacent areas. 

Thus, extensive regional observations support the conclusion that 
move~nts in the Swedish bedrock constitutP part of an extensive 
and long-range process which is clearly in slow decline. Realis­
tic: estimates of how soon new fractures can be expected to occur 
must therefore be well below the mean values obtained from fore• 
casts based on the age of the bedrock and the local fracture fre­
quency alone. From this it is evident that changes in the fissure 
content and permeability of the rock due to rock movements during 
the storage period vill be so small that they cannot have an ad­
verse effect on the function of a rock repository which is suit­
ably situated in relation to existing fracture and crush zones. 

7.7 LAND ELEVATION AND GLACIATION 

The current land elevation in Sweden has been studied on the 
basis of field observations /Morner &-7/ and on the basis of 
gravitational considerations /Bjerhammar 7-26/. Despite the 
differences in basic data and a;'lllysis technic:tues, c:tuite similar 
results were obtained. But there are certain discrepancies vhich 
should be the object of further study. 

In summary, it can be said that the land elevation following the 
ice age reached a maximum of nearly 1 000 m on the coast of Ang­
ermanland. For the most part, the land elevation rPpresents a 
rebound of the land following its depression by the weight of the 
inland ic:e. According to HOrner, this rebound ceased 2 000 -
3 000 years ago, and the current land elevation has other causes. 
A rebound from th- elevation of western Scandinavia and sub­
sidence of the Baltic Sea, Which vas dealt with in the previous 
section, could possibly explain this process. According to Bjer-­
hammar's analysis, the land is still rebounding from the depres­
sion caused by the inland ice. 

Fracturing and movements in the bedrock in connection with the 
land elevation and in connection with a future ice age can be 
&ssessed on the basis of the present distribution ot fractures in 
the bedrock. Permeability values from the study boreholes show 
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that fissurina is limited for the most part to the uppermost 100 
or 200 • of the bedrock. Deeper portions which have undergone the 
same movements still possess good imperviousness. This shows that 
the land elevation.and the preceding dep~ession did not affect 
the permeability o( the bedrock. Furthermore. there have been a 
total of 10 to 20 Quarternary glaciations /Kukla 7-27/ and the 
present state of the bedrock reflects the cumulative effect of 
all of these. This leads to tha conclusion that one more glaci­
ation would not disturb a deep rock repository. 

EARTHQUAKES IN SWEDEN 

The effects of earthquakes on a rock repository are discussed in 
recent studies by Dowding /7-28/ an~ Yamahara et al. /7-29/. The 
latter concentrated primarily on Japanese conditions. He notes in 
his introduction that no serious earthquake damage has been re­
ported from Japan•s many mines and tunnels. He also shows by 
means of rock mechanics calculations that earthquake movements in 
rock abate rapidly with incr•3sing depth. At a depth of about 100 
m, rock movements are only about 1/4 to 1/3 of what they are at 
the surface. The greatest induced rock str~ss at a depth of 100 
metres when the surface acceleration is 2.24 m/s2 is only 1.2 
MPa. Even the severest conceivable earthquake in Japan would give 
rise to a maximum stress which is es~imated to be only 3.0 MPa. 
These stresses are negligible in relation t~ the strength of the 
types of rock in question in Sweden. Dowding uses practical case~ 
to show that no damage was cau&ed to rock caverns by earthquakes 
where acceleration on the surface was 1.9 mfs2 or less. This 
corresponds to an intensity of VII - VIII on the Modified-Mer­
calli Intensity scale (MM), which is a measure of the effects of 
earthquakes on the surface. Minor damage, falling stones and 
cracking were observed at accelerations up to 5 m/s2, correspond­
ing to an intensity of VIII-IX. The severest known earthquake in 
Fenr.osr:andia, at Oslo in 1904, had an intensity of VII-VIII. The 
~unnels and storage holes in the repository are filled with 
r:on~acted soil material, rendering minor damage to superficial 
rock insignificant • 

~arthquakes are rare and weak in Sweden. The earliest known 
earthquake occurred in the year 1497. Since 1891, systematic sta­
tistLcs have been kept on earthquakes /Bath 7-30, 7-31/. Since 
1951, earthquakes have been registered by means of sensitive in­
struments which can detect quakes at sea and in uninhabited re­
gions as well. A review of known observations up to 1972 was pub­
lished in·a study by Kulhanek and Wahlstrom /7-32/. A map of Swe­
dish earthquakes during • ,e period 1951 - 1976 with comments and 
other material was obtained from Bath /7-33/. 

The frequency of earthquakes exhibits wide variations during the 
observation period. The geographical distribution of earthquakes 
in Sweden and adj~ining areas has, however, remained relatively 
unchanged. 

Southeastern Sweden exhibits extremely few earthquakes. On the 
preliminary map in figure 7-2 provided by Bath /7-33/, only 3 
quakes near the Roxen-Motala fault zone are shown for the period 
1951 - 1976. Most of the quakes arP. instead located in a belt ex­
tending from the west coast, across the Lake VIner district -
where they are relatively numerous - towards Givle and th .. n along 
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the coast ~f the Gulf of Bothnia. Froa the northernmost part of 
the Gulf ,f Bothnia, the belt turns towards the northw't and 
then agai.: towards the southwest in the North Sea and runs along 
the co.at of Norway, thereby forming ., circle around central 
Scandina~ia /7-34/. The distribution of the quakes is thus relat­
ed to bedrock movements on an.d off the N .. ,rvegian coast, and in 
Sweden a connection can be seen with the fault lines in the 
Vinern-VIttern region, the western boundary of the subcambrian 
peneplain and the areas of recent rock movement in Sklne, Vlster­
botten and Norrbotten. This would indicate - as is maintained by 
Kvale /7-35/ - that the Scandinavian earthquakes are related to 
bedrock movements which are independent of the ice age. 
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SUMMARY AND EVALUATION 

Bedrock and groundwater conditions have been studied in five 
areas: at Karlshamn, Finnsjo Lake, Krakemala, Kvro and Forsmark. 

In the first three areas, large volumes of uniform and sound rock 
with a permeability of around lo-9 m/s or less have been found. 

The Kadshamn area exhibits the least occurrence of crush and 
fracture zones. 

The groundwater flow in sound rock at depths of around 500 m 
within the areas has been calculated at 0.2 litres per square 
metre and year or less. 

Determinations of groundwater age show that the transit time of 
the groundwater up to the surface of the earth from a rock repo­
sitory in an area of inflow can amount to several thousand years. 

Deep groundwater samples have been found to be oxygenfree and 
weakly alkaline with a pH of between 7 and 9. They contain biva­
lent iron in solution. SulpHd~. determined as hydrogen sulphide, 
has beeT\ found in the groundwater at Forsmark. 

The radioactive waste elements, with the exception of iodine and 
technetium, are retarded in the bedrock in relation to the move­
ments of the groundwater. 

Uranium, plutonium and other transuranium elements can be preci­
pitated in the form of insoluble oxides of bivalent iron and 
sulphide or in the form of hydrogen sulphide in solution. 

The effects of future rock U'.ovements in rock formations without 
major zones of fracturing ar,d movement can be neglected. 

The changes around a rock t'l .1ository which are caused by blasting 
and the heat generated by t'•e waste are of a highly local nature. 
The risk that new flow path~ for the groundwater will be created 
in this manner is negligible. 

The above conclusions, together with the safety analysis, provide 
a bas1s for the judgement that the three closely studied areas of 
Karlshamn, Finnsjo Lake and Kr!kemala fulfil the basic require­
ments for a safe rock repository for high-level waste. This 
assumes that the rock repository is properly situated in relation 
to the geometry of the existing formations of low permeability. 
The study areas on Kvro and at Forsmark have been found to be 
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lesa suitable and the studies there hava not been carried to 
coapletion. 

On the basis of current knowledge, the Blekinge coastal gneiss 
area is the most attractive from a geological point of view of 
all the studied areas for a rock repository. 

The slightly gneissic granite at Finnsjo Lake also offers large 
volumes of good imperviousness. Existing internal fracture and 
crush zones, however, may present certain technical problema of 
the type which are normally encountered in tunneling and rock 
cavern excavation. Compared to the Blekinge coastal gneiss, this 
type of rock permits greater freedom cf choice in the location of 
a future rock repository, since similar rock conditions are found 
th.aughout large parts of southeastern Sweden. · 

The GOtemar granite at Krakemala exhibits, despite sections of 
very low permeability, a numer of features which may require 
more extensive reinforcement and grouting during the construction 
phase. These features include lover strength, a regular fracture 
system with extensive horizontal fracture surfaces and high local 
&roundwater flow, which may also be associated with radon pro­
blema. 

The three sturly areas can be clearl) arranged in order of priori­
ty: the Blekinge gneiss, the gneissic granodiorite in the Finnsjo 
area and the undeformerl stocklike granite in the KrakemAla area. 
This confirms previous experiences regarding the structural and 
water-bearing characteristics of these types of rock. Against 
this background, other gneiss areas may also be of intere~: • 
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9 STRJPA EXPERIMENTAL STATION 

9.1 OVERVIEW 

9.1.1 Reasons !.2!. _!!l experimental station 

Only a very limited Guantity of basic data on rock at treat 
depths belov the ground surface (500 - 1 000 m) 3re available to­
day. Additional data should be obtained ~n which to base deci­
sions regarding the nting, design and construction of a final 
repository for high-level waste. For this purpose, an experiment­
al station at great depths is of great value. It also provides an 
opportunity for the demonstration of working methods and the de­
sign of the various sections of the final repositoey. 

llben KBS vas organized in late 1976, it vas decided th<l.t an expe­
rimental station should be established in the Stripa Mine, 15 ki­
lometres north of Lindesberg. The ore in the mine vas nearly 
played out and iron ore mining vas scheduled to be discontinued 
in early 1977. Immediately adjacent to the mine is a granite 
massif which is directly accessible at a level 350 m below the 
surface. Since the personnel and equipment required for iamediate 
commencement of the rock work vas available, considerable savings 
in time and costs could be made in comparison with the alterna­
tive of constructing a nev experimental station somewhere else. 

An experimental station in rock permits the following studies and 
tests to be conducted: 

testing and demonstration of working methods for a final 
waste repository, 
detailed characterization and surveying of a rock massif a 
great depth, 
analyses and comparisons between the results of various 
measuring methods and actual conditions iri order to evaluate 
the accuracy of the methods to be used in future rock stud­
ies, 
studies of hov blasting, heating and ~-outing affect the 
rock and its characteristics, 
analysis of groundwater movement and groun~vater composition 
at great depth, 
studies of the properties of the materials which may be used 
i~ a final repository. 

A number of researchers and institutions vith special experties 
in the field of petrology were contacted for assistance in plan-
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ning attttrovriate studies. An advisory group of experts, the "Ceo­
group,.., was formed and instructed to propose suitable studies at 
Stripa. Tbe group also partidpa:es in the evaluation of the test 
results. 

Studies within the following subject areas have been initiated at 
Stripa: 

The ~ffect of blasting on surrounding rock 
Rock characterization 
Rock stress measurements 
Material properties of the Stripa granite 
Permeability of the rock at different pressures and tempe­
ratures 
Thel'!Dal stresses 
Injection studies 
Water analyses 

Most of the results obtained from KBS experiments at Stripa will 
be reported during the first quarter of 1978. 

Construction work 

Blasting work for the test station started in December of 1976. 
The final appearance of the excavated rock caverns is illustrated 
in figure 9-1. ·nte tunnels were blasted using a technique known 
as smooth blasting and with nearly circular or oval sections in 
order to minimize stresses ori the rock. Cross-sectional tunnel 
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area varies fro~ 12m2 to 26m2, depending on the space required 
for construction machines or testing activities. 

The q 1ality and strength of the Stripa granite is very good. 
Reinforcement bolting has not been considered nec~ssary and n~ 
rock fall has been ob3erved. 

In order to permit the execution ~£ planned experiments and 
tests, a large number of holes of v;:~rying ler..gth and diameter 
have been drilled from the tunnels. A total of approximately 
1 500 metres of holes have been drilled for KBS's own tests, be­
yond those required for the blaJting work. Host of the holes have 
been diamond drilled to a diameter of 56 mm. 

Blastins and driiling work has been in progress for about 10 
months and has employed around 20 men. 

Cooperation ~ .!!!! ~ ERDA 

KBS's experimental ~rogramme in Stripa has attracted internatio­
nal interest, and in the spring of 1977, KBS vas contacted by a 
grr.up from the USA in order to discuss the r.,ssibilities of a 
joint research project concerning vaste storage in crystalline 
rock. The conditions for such a joint project at Stl"ipa vere 
clarified during the early summer, and an agree~nt vas signed 
becween SKBF (Swedish Nuclear Fuel Supplies Inc.) and the US ERDA 
(United States Energy Research and Development Administration). 
According to this agreement, SKBF shall be responsible for hold­
ing the mine open through October of 1979 and for all rock blast­
ing vork, rock drilling (approx. 3 BOO m) and certain services on 
the vorksite. The US ERDA v.:.U be responsible for and defray the 
costs of the actual study vork. KBS is rP.sponsible for Svedish 
commi~nts during its period of activity. 

The US ERDA has contracted Union Carbiaa to administer and exe~u­
te an extensive development project concerning the final deposi­
tion of high-level waste. A !>pecial unit has been organized for 
this pul~~se within Union Carbide - OWl, Office of W~ste Isola­
tion. Th~ exec~:ion of the Stripa programme has in turn been en­
trusted to a group ot ~~searchers at the Lawrence Berkely Labo­
ratory, LBL, at the University of California. 

The research ~rogramme vas drawn up by LBL, but SKBF/K~S are ke~t 
continuously informed concerning the planning and execution of 
the tests ah:l experiments and •1lso have a voice in planning the 
experimental programme. The results of the tests will be the c~ 
mon property of the parties. 

9.1 STUDIES CONDUCTED UNDER TilE AUSPICES OF KBS. 

9.2.1 ~ characteriza~ 

In orJer to be able to evaluate the alternative sites for a repo­
sitory for high-level waste, reliable and economically feasible 
methods are required to establish the pro~erties of the rock. The 
experimPntal station at Stripa provides an opportunity for the 
testing and !"Valuation of such test1ng methods. For this purpose, 
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9.2.2 

the properties of the Stripa granite must be well-known. For this 
reason, a rock characterizati~n must be co~trried out. l'his includ­
e!!! 

assembling all available geological information on the area 
in question, 
mapping of the network of fractures on the rock surfaces 
which have been exposed for the tests, 
core sut"'leys and TV examinations of diamond boreholes near 
the tunnels before and after blasting, 
studies in a vertical. deep borehole from the bottom of the 
mine (from the 410 m level to. the 900 m level), 
water injection t~sts in all boreholes. In cases where 
bla~ting has been ~arried out near the hole, this test is 
performed both before and after blasting. 

Th~ dominant type of rock in the experimental area in the Stripa 
mine is a red to grey, medium-grained, unstratified granite. The 
granite contains a few narrow, steep veins of pegmatite and 
younger diabase. 

The grain size of the essential materials in the granite varies 
between 1 and .5 111111. A typical sample exhibits the following mine­
ral composition: 

quartz 44% 
plagioclase \partially altered) 39% 
microline 12% 
chlorite 3% 
muscovite 2% 

The granite at Stripa can be said to bP. representative of a large 
group of younger granites in central Sweden. 

Despite its relatively high fracture frequency, the granite 1s 
highly impervious, with permeability values around 10-10 m/s. 
This can be explained by the high degree of crack filling. 

Rock stress measurements 

The purpose of the tests is to establish the primary :itres~ t·at! 
in the Stripa granite; This information is required for cert .• in 
other tests and as a basis for theoretical calculations of stress 
and flow conditions. 

Three-dimensional stress conditions were measured at 19 , .. s 
along a 20 m long bcrehole from a side drift. M"!asurement cells 
based on Leeman's method were used in the procedure. The measure­
ments showed that the maximum main stress is 10 HPa and is ori­
ented parallel to the strike cf the granite. The intermediate 
main stress, 5.7 MPa. is nearly horizontal and is oriented per­
pendicular to the contact. The minimum main stress is 2. 7 HPa. 
The measured vertical stress, 9.8 MPa. is of the same order of 
magnitude as the theoretically calculated stress of 9. 2 t1Pa. A 
detailed repo.rt of obtained results is prov;ded in KBS technical 
report No. 49 /9-1/. 
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P'roperties .2! '!2!, Stripa granite 

In order to interpret the obtained data and carry out 'theoretical 
calculations, information is required on the mechanical and phy­
sical properties of the rock. Theoretical calculations and prac• 
tical test results· can then be compared in order to provide a 
more reliable basis for the evaluation of planned areas for waste 
disposal. 

The following data have been obtained: 

Modulus of elasti~ity, Poisson's ratio and uniaxial comp­
ressive fracture stress at 25°C, 50°C, 100°C and 200°C. 
Compressive fraLture stress and e'.asticity properties as a 
function of nonr •. d stress. 
Coefficient of linear expansion as a function of radial 
load. 
Brazilian tensile fra~ture stress. 
Residual shear strength as a function of normal stress. 
Anisotropy ratios in st•ength ~nd elasticity properties. 
Coefficient of thermal conductivity. 

The following data have been calculated for th~ Stripa granite 
and do not eYnibit any significant deviations from n~rmal data 
for central Swedi~h granite. 

Poisson's ratio 
Young's modulus 
Uniaxial rompressive strength 
Tensile strength 
Thermal conductivity 

0.21 
69.4 GPa 

207.6 MPn 
15.0 MPa 
3.o-J.6 W/C0 m 

A detailed account of obtained results is provided in KBS techni­
cal report No. 48 /9-2/. 

Permeability£!~ rock~ various pressures a~d temp~ratures 

This test is intended to provide information on variations in the 
permeability of the rock at different temperatures. 

TI1e test equipment is shown in fig. 9-2. The leakage water flov 
into a 300 mm diameter and 10 m long vertical borehole was 
measured in the test. In a circle at a distance of approx. 1 m 
from the 300 mm hole, 16 J" holes were drilled. Water was pumped 
into these holes at a given p<Jssure ~nd temperature. The rock 
mass was heated to the desired temperature by circulating hot 
water in the boreholes. By changing the water pressure at dit f­
erent temperatures and measuring the q~antity of water leaking 
out of the ce,ltre hole, permeability can be determined as a 
function of pressure and temperat1Jre. The results of the tests 
are then compared with theoretical calculations. 

HeA!urements of the penneabi 1i ty of the rock carried out thus far 
have given values which are approximately 10 times lever than re"" 
sult!l from conventional "packer test" measure!kntl'!, The test used' 
here probably gi•I:::s mere correct values of the actural permeabi­
lity of a large rock formation. This indicates that the permeabi-
1 i ty v.1lues obtained from boreho 1 es i.1 t~e field studies may he 
too high. Preliminary test results h3ve also shown that permeabi-
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Figun 9-2. Pmnt!llbility mtiiSllrmt~nts. By wryi"' th~ -ttr p~n ~rrd rlr~ tmwpm~mn, th~ 
mtmMr in wiclt tit~ pomt!llbility of th~ r..-clc wmn with prrm~rt and tmrpm~turt iJ mt!llsurrd. 

liSY decre3ses to about half when th• rock is h€ated from 10° to 
40 c. 

Thermal stresses 

This test is aimed at elucidating changes in existing rock 
stresses and fracture conditions which occur in a rock formation 
in connection with local heating. Owing to the low thermal con­
ductivity of the rock, a relatively long test period is required 
for such a test. 

The test set-up is illustrated in figure 9-3. The primary 3-di­
mensional rock stresses in the rock adja~ent to the test drift 
are measure~. '1'he heaters and measuring holes are oriented so 
that their direction coincides vi th the direction of one of tne 
main stressee. 

The heat sourr.e consists of a specially designed 5 kW electric 
heater which is lowered into a 300 mm borehole. Three 1 kW auxi­
liary heaters are lowered around this centre hole at a distance 
of about 1.25 ~. Temperature and rock stresses are then measur~d 
continuously in ten boreholes parallel to the centre hole and lo­
cated in three directions and at a distance varying between 2 m 
and 6 m from the centre hole. The instruments also regi~ter 
changes in the width of major fissures within the test area. 

The test is also aimed at recording conditions during a cooling-
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9.2.6 

9.2.7 

off period after a max. temperature of 60°C has been reached in 
the central portioM of the test area. The obtained results will 
be compared with theoretical ·calculations. 

Croutin5 

A final repository for radioactive waste should be located in 
rock which is as imperv:ous as possible. Nevertheless, allowance 
must be made for the fact that some local rock volumes will be of 
hiaher permeability. It is then possible to inject such forma­
tions with matet'iat which vill remain intact over a very long pe• 
riod of time. 

A suitable grouting material seems to be silica (quartz). This is 
a highly durable material and is also available in very fine­
grained form so that it can penetrate into very small fissures. 
However, during the preparatory work for a planned exreriment, 
the permeability of the rock was found by hydTaulic testing to be 
so low that grouting was not considered necessary. 

~ analyses 

The chemical composition of the groundwater is of importance for 
the rate of corrosion of the encapsulation and buffer materials 
and for the leaching r3te of the waste glasR. 

Relatively few data are available on the composition of ground­
water at great depths. 

At Stripa, the groundwater is accessible at various levels from 
350 m down to about 900 m below the surface. Since the mine has 
been drained for a long time - the mine was opened about 500 
years ago - the groundtiater conditions are disturbed, especially 
down to the level of the lowest point in the mine (-490 m). The 
samples which have been collected are therefore not r~presenta­
tive of' groundwater at corresponding levels under undisturbe~ 
conditions. 

The following available results from analysis of the groundwater 
are worth mentioning: 

its age 340 ~ below the surface of the ground is about 15-20 
years, 
;ts chemical composition shaw5 low mineral an~ salt ~ontanta 
and 
the pH of the water is about 8.5. 

9.J STUDIES UNDER COOPERATION WITH US ERDA 

A large-scale programme of tests and studies is planned by LBL ac 
Stripa. The content of this work can be summarized in the follow­
ing points: 

1 Investigation of how the properties of the rock (pressure, 
expansion, thermal conductivity etc.) are affected by local 
heating. 
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Mapping of the fissures in the rock (extent, size, direction 
contents etc.) with the aid of borehole studies and geophy­
sical surveys. 

3 Laboratory determination of various material data for the 
rock (microcracks and permeability as a function of pressure 
and temperature). 

4 Measurement of the total leakage of water into a rock cavern 
for determination of the permeability of the rock • 

.S Measurement of rock preuure by forcing water into boreho'tes 
to the point of fracture (hydraulic fracturing). 

As previously mentioned, these experiments are planned to be 
carried out during 1978 and 1979. The first results of the tests 
will therefore probably not :~ available until 1978. Consequent­
ly, no results can be reported in KBS':s main report, and only in­
complete results will be available when KBS concludes its activi­
ties in the middle of 1978. 
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INTRODUCTION 

The KBS project was initiated in response to the requirements of 
the "Conditions Act", concerning the safety accountability of 
nuclear power facilities and was co~~nced in early 1977. The ob­
jective has been to describe a safe way of handling and storinK 
high-level radioactive waste. In order that current schedules for 
the fueling of nuclear power plants under construction could be 
me:, it was necessary for KBS to submit an initial report in late 
1977. 

This means that KBS had approximately 9 months to prepare the 
pr~sent report. In this short period of time, it has not been 
possible to study all alternative solutions in detail. Instead, 
it has been necessary to make an early selection of those 
approaches which wPre deemed to have the best potential for 
achi.eving satisfactory results from the point of view of safety. 
Nor has there been enough time for cost calculations with satis­
facto\·y accurancy. The design presented here does therefore not 
make any claims on technical-economical optimality; it is pre­
sented merely as one possible alternative. 

The faciiities which are described here are designed for the 
handling and storage of vitrified high-level waste. Corresponding 
facilities for spent nuclear fuel will be described in a later 
report. The status of the work for this later report is described 
in Appendix 1 to Volume I. 

The construction and operation of the described facilities is 
based on technology for which experience is available from pre­
vious nuclear installations or from other fields. 

Certain parts of the report are base~ on work done outside of 
KBS. Thus, the prP.liminary study on transportation systems and a 
central fuel storage facility conducted by PRAV (Swedish National 
Council for Radioactive Waste Management) comprises the basis for 
chapters 111:2 and III:). The continued work on facilities design 
and the preparation of a siting application for the central fuel 
storage facility is being pursued within SKBF (Swedish Nuclear 
Fuel Suppl1es Company). !ne design of the central fuel storage 
facility as presented in the preliminary study and this re9ort 
may therefore be subject to revision. The intermediate fue! stor­
age facility for waste cylinders described in chapter III:S is 
modelled 'after a similar plant at Marcoule in France, whose de­
signers - St Gobain Technique Nouvelle - hav~ collaborated in the 
KBS project. 
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As in the AKI\ Committee (Government Committee on Rad£oactive 
\-1,1ste) st1:dy it is assumed that the final disposal of the high­
level wa~te will he accomplished by deposition in c~ystalline 
hedrod. possessing the appropriate properties. The· cafculations 
and e\·alu.1tions in this report are based on a rep'()~dtory depth of 
jQO m. 

The facilities described here have been designed for a total 
waste ~apacity corresponding to approximately 9 000 metric tons 
of uranium- which is the quantity 1.1:1ich 1.1ould he produced by lJ 
rea~tors operating over a period of 30 years. It should be empha­
sized that the technical solutions which are prP.s~nted here would 
not be significantly altered by an increase or decrease of this 
figure. 

T11e schedule for continued study work ;md construction of che fa­
cilities is presented in chapter I: 14. This schedule includes the 
following main dates. 

1987 

1990 

2000 

2020 

Ci1oice of site for intermediate storage facility 

Intermediate storage- facility completed and ready for 
reception of vitrified waste 

Choice of site for final repository (incl. enc~psula­
ti,m stati.on) 

Encap~ulation station and final repository completed 
and ready for reception of vitrified waste. 

tl 
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2 TRANSPORTATION SYSTEMS 

2.1 STANDARDS AND GOVERNMENT REGULATIONS 

Relevant portions of the IAf.A' s "Regulation for the Safe. Trans­
port of Radioactive ltaterials" must be observed in connection 
with the transportation of spent nuclear fuel and other radioac­
tive material /2-1/. 

Both the spent fuel and the vitrified high-level waste contain so 
much radioactivity that they must be transported in containers 
which ~et international rPquircments. The requirements which are 
applicable here are the !M:i, regulations for type B packaging, 
which are described in greater detail in section 2.6.3. 

F.very planned transport must be preregistered with the ~uc lear 
Power Inspectorate, including specification of iden~ification 
data for the selected fuel elements and a preliminary time-table 
for the transport. Administrative routines for tbi 'I work wi 11 be 
established by the ~uclear Power Inspectorate before the trans­
portation system is put into operation. Physical protection of 
the transpo<ts will also be arranged in accordance with the di­
rectives of the Nuclear Power Inspectorate. 

2.2 GENERAL PRINCIPLES, FLOW CHART 

Figure 2··1 shows in the form of a flow chart the various trans­
ports involved in the back end of the fuel cycle. Solid lines in­
dicate the transports which require type B p~ckaging while broken 
lines indicate internal transports where type B packaging is not 
required. 

The Swedish nuclear power plants are situated on the coast and 
have their own harbours. It is assumed that the central fuel 
storage facility and the intermediate. storage facility will also 
be located near harbour~. The transports will therefore be 
accomplished primarily by st:a, with only short road transports to 
and from the harbours. 

Tran!lport stages A, D, F and G (Fig. 2-1) are thus road tran~­
ports wiu~re the transport cask is carried by a l.ailer. This t)'l)e 
of transport has alr~ady been practised in Swt:den at, for examp­
le, the Osknrshamn pldnt in connection with the shipping of spent 
fuel to the English reprocessing plant at Windscale (Fig. 2-2). 

When the transport c.1sk is loaded onto the ship for shipment to a 

• 

• 
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Final 
deposition 

Figure 2·1. Fiow chart of transportati(m within the back end of the fuel cycle.:? packaging il 
requil"f!d for transport stages A -H. Tnznsports A, D, F and G go by road. 

Frgun 2-2. Trailer and transport cask ( B pockaging) armide of Oskanhmml plant. This equip­
ment ltas ~ u~ to transport spent fuel to the harbour for further sJripment to the rqmJCfiS· 

ing plant at Windscale. 
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~eprocessing plant. responaiDility for the trans~rt cask is 
assumed by the reprocessing c~ny's transportation organiza­
tion. The Swedish transportation orga~ization assumes responsibi­
lity only when the casks. containing the vitrified high-level 
waste are unloaded in a Swedish harbour (tra0$port stages B, C 
and H). 

Shipments of spent fue~ from the various power plants to the 
central fuel storage facility by sea are handled by the Swedish 
transportation organization (trsnsport stage E). 

EXISTING EQUIPMENT AND SYSTEMS 

The transportation of spent nuclear fuel imposes special require­
ments on the transport equipment and on the supervision. of the 
transports. The fuel contains fission products which make it 
highly radioactive. It also generates heat. Since the nuclear 
fuel contains fissionable material as well, the risk of critica­
lity must be taken into consider.1tion. This. imposes special de­
mands on the design of a transport cask. A large cooling surface 
area is required for effective heat dissipation. At the same 
time, the surfaces of the cask should be smooth in order to faci­
litate cleaning. The radiation shield must incorporate a material 
of high density in order to shield gamma radiation, but also a 
material of low density in order to shield neutron radiation. 

European transport casks currently in use weigh between 30 and 70 
metric tons and can transport between 1 and 2.5_tons of nuclear 
fuel. They are of French, German or English design. Tn'!se thrt~! 
countries currently operate a joint company called Nuclear Trans­
port Limited (NTL) Which dominates the European market. 

During the period 1966-1977, some 700 metric tons of spent 
nuclear fuel have been transported from light-water reactors to 
various European reprocessing plants. In the beginning, only re­
latively low burnup fuel was transported, while in recent yea~s 
high burnup fuel (JO 000 MWd/t) has been transported after only 
6-9 months of cooling time at the reactor. Fuel has been trans­
ported to the following plants through 1976: 

WAK, Karlsruhe, West Germany 
La Hague, France 
WinJscale, England 
Eurochemic, Mol, Belgium 

85 tons 
255 tons 
270 tons 
90 tons 

Transport casks with a mar.imum weight of 40 metric tons are nor­
mally carried on the public ruad network, while transport casks 
of hip,her weight are shipped by rail. The transportation of soent 
nuclear fuel from Italy, Spain, West Germany, Holland and Sweden 
to the English reprocessing plant at Windscale has been done by 
boat. 
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Table 2-L. Western European tran~port cask::; for spent nuclear fuel. 

G0vernment 
·1pproval. 
(Pr~dent ~tatus) 

Owner 

Lie. 

~TL 

Lie. Lie. 

I 
I NTL NTL 
' 

Lie. Li•· Lie. Pending Lie. 

-r---- ---
NTL 1 NTL NTL NTL : NTL 

11 
-~--
N~[L 12 NT-=-~4 

I I 1154 

-- t---+ 
I Pending! Lie. 
I 
I 

_j 

NT!. NTL 
_....._ ___ ----------t---·-r T~--- ---- ------:--

apacity , 

5 12/:!15 5/230 
0 30/140 ---

100 50 

ue1 elements/mm ~ I 
P\o/R 4/200 7/200~/200 7/200 3/!2::i 12/230 7/21 

-~JR 9/11_:.,_ --- 19/114 12/140 7/140 _..:: __ ~_!_!}_!_~ 
hermal capacity 15 JO 35 35 35 25 100 I 42 
lJ -----

-
Ex! l)l)A 

--
1126/1141 

Lie. 

BNFL 

5/215 
14/140_ 

30 

~-

95 82d7L/72.5 

5. 7 2.1 I 2.1 ;::~::~:: :::, ::1 t :
2 ~ ::3 ~ 3 --.• ~-4·--_\11 :_,_-4_~_-- ~0:--

' ·-ons of uranium) -,-- ~ 

C:lVity length (nun) 3875 3330 4370 4675 t~:UlO 1 4520 :;oso 4580 5160 : 46 7!1/ 4 776 
d iam. (mm) 440 · 864 864 864 3x230j__!0.__ !220 U20 914 ' 864 

oolant Air l~ater Water Water Air : Air Air Water Water 

-----------1-----1--·-- -·----+---'--+---~-- ---
(water} 

Rail/ Rail/ Raili 
Stil sea sea __, --·-
- - 3/4 

----- -

~ ::~:2._~; t l Road ~-a-i_1 ___ R_a_i_l~-+-R_a_i_1_

1
, R
2

-oad - -R2~a·~-Number of casks ~ 3 1 l 

l~~.!:_!ation ! ---------'-------

l 2 -

' - -· -------· 
,:~~n~~~~~~~!:~ks - l •- --- ~--j-____________________ : ___ _ 

Exl 14 
0 

114 7 

Pending 

BNFL 

5/215 
f-14/140 

40 

------
100 

--
2. 7 

-----
4887 

914 

Water 
,, 

~ ... --~ ... 
Rail/ __ ;_, .. 
sea -
-

-



American transport casks for spent nuclear fuel. 

NFS-4 NAC 1/?. TN-8 TN-9 IF-300 NLI 10/l4 

9016 9001 9021 

l.icensed. 

Owner NFS 

f--·---------·-·-----t--=NA~C:... ____ -t-........:..NL.:c:..=.I _____ .._........:..TN_V.:.__ ___ +--T.:...NV_:_ ___ +---'G:..:E.;.._ ____ -+---N..::L..::I ____ --1 

Capacity 

PWR (fuel elements/rnm) 1/215 1/215 3/215 - 7/215 . J0/21S 
1--B_WR ( II II --'~l_t--;;.;2 /;_1·:....;4..:.0 __ -t~-=-2:....;/ 1:....;4..:.0_ ---+---------t---7-'-/..::..14.:...:0;___-f-_....:;1..:.8:;....;/ 1:;....;4;..:.0 __ +-_....;;;2..:.4.:.../ .:...14;..;0 ___ -t 

Thermal capacity. kW 11 11 35 25 61 70 
~--------------------+----------~r-----------~r---------~------------+--------------~-----------~ 

weight (metric tona) 22 22 36 34 64 91 
------------------------- -------·-----r----------------------·J----~-------J--------------~--------------1 
PayloaJ (metric tons of ~.5 0.5 1.4 1.4 1.5 4.1 
uranium) 

~~~~--------------t---------4~------------t-----------4------------r-------------+------------·-

Cavity length (mm) 4521 4521 4280 4520 4578 4559 
~C~a_v.:...i~ty~d~i~a~m~e.:...t.:...e.:...r-.:...(mm~)------~-3-4_3 _____ ~~--3_2.:...1 ______ +-__ 3_x210 ____ ~........:..-'--4_74 _______ +----9...;.5..::l ______ -r--...;.1.:...1_4_l ______ ~ 

Coolant Water Air Air 'Air Water Air/Ht: 
---------------------1----------lf------------t----------I--·----------+-----------1-----...,......,.----J 
Means of transport Road Ruad Road Road Rail aail 
J-----------------------t----------41-----------1------·---4--------+------~----~-----------~ 

Number of casks in 
ope rat ion 

Number of casks in produc-
1 

6 3 4 

2 l 4 
tion or on order 

~~~.:....:...~..::...~:...:..::...:..:;__ __________________ _L ____________ ~------------~----------~--------------~--------·------~ 
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The trend is towards inc.reasingl:-- lao:ge transport casks. Tran!!­
port casks are no.w being olanned t•ith a weight of ,100 tons an.j a 
capacity of 6 tons nudear fuel. Such a transpo.i-t cask is expe-:t­
ed to ba in operation so~ time in 1978. 

The current situation with regard to available and olanned trans­
port casks in western Europe is presented in table 2-l. The situ­
ation on the American market is prP.sented in Tabl<! 2-2. As is 
shown in the t3bles, western Europe (NTL) currently occupies a 
1e.:~ding position as .a supplier of transport casks for spent 
nuclear fuel. 

DESIGN Of A SWEDISH TRANSPORTATION SYSTEM 

General 

Tn parallel with the conceptual study on the central fuel stora~e 

facility, SKBF is examining various alternatives fer securing a 
reliable supply of transport resources within Sw~den. 

s ... edish trausportation needs have been .>tudied for the period 
1976-1991. Annual discharges of fuel clemerts expressed in tons 
of uranium are reported in chapter I:2. 'lhese quantities are bc.!!­
ed on the six units now in operation and an cont1~ued expansion 
to thirteen units. 

Tn 1976, discussions were initiated with European and American 
organizations ...tlich work wi:h the transportation of s 11ent nuclear 
fuel for the purpose of exploring the possibilities of procuring 
transpurt casks. 

Nuclear Transport Limit:>d (NTL-Eurooe) currently seems to be the 
leading company in this t~~lr". 1n recent yean, ~'TL has carried 
out hundreds of transports in Europe to such destinations as 
h'i nd s ca h· and La Hague. The ty-pes of transport casks used by NTL 
1re well-suited to Swedish transportation requirements. 

The A~rican consultancy company Nuclear Assurance Corporation 
(~lAC) has designed four transport casks, design.Hed NAC-1, which 
a:-e currently in routine operation in the USA. NAC is currently 
designing a trans-port cask with a capacity of max. 3 tons of 
nuclear fuel. This cask is also ~ell-suited to Swedish r~quire­
ments. 

Sl<BF is currently awaiting further developments on the trar.~por­
tation side. One of the reasons for this is that COCF.W.. a;.lounced 
in July of 19i7 that they rlan to enter the nuclear fuel trans­
portation field. It its impot~ant that any transportati0n system 
which is adopted be compatibl~ w:th any exi~ting ~t~~yard Euro­
pean system. 

Capacity considerations 

l3pacity considerations are based only on the need fo~ tr:~~~orts 

within Sweden. Trans?orts of spent nucl~~r fuel to forei~n repro­
cessing plants and return transports of vitrified high-level 
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vute to Swden are anticipated to be inelude4 ill.'the c:oaait~~enu 
of the reprocessing company. 

. ' 
ln calculating the annual transport volume to the central storage 
f.1cility, various alternatives have been studied. The required 
number of transport casks and the annual number.of sea transports 
vill depend on the number of reactors in operation and on the 
following factors: 

Location of the c:~ntral stnrage facility for spent nuclear 
fuel. 

Of ~he t~ree studied ~ites for the central storage facility, 
~ - Forsmark anu Oskarshamn - are located in connection 
with nuclear power plants, which tlll!ans tha: nuclear fuel 
from the reactors at these sites will be transported direct­
ly by trailer to tt.'! ceMral facility. In the case of Studs­
vik, a 11 transports vi 11 ard ve by ae:-, vh ich means more 
ahip .. nts. requiring more t~ansport casks, since the average 
cycle time per cask will be longer. 

Reception capacity of the ce~tral st~rage facility for spent 
nuclear fuel. 

The rer.eptinn capacity of the central fuel storage facility 
vi 11 depend on how many casks can be handled simultaneously 
in the receiving section, the ·average receiving t~.me per 
cask, the amount of space available to accomodattr cask!! and 
equipment and the size of the personnel force in the receiv­
ing section. On the basis of the proposed desig!l of the 
facility, it is estimated that an average reception capacity 
of one cask per day could be achieved. 

In determining the capacity of the transportation system, the 
accumula!"ed quantity of fuel which is stored at t 1.1e nuclear povt'r 
plants when the central storage facility is ~omm~ssioned ~1st be 
taker. into account. In addition to an annual fu•l quantity 
cor~1ponding to the volume of fuel discharged from each reactor, 
the amount of fuel to be transported ,.i 11 also ~nclude this accu­
mulated quantity, which must be transferred to the central fuel 
st~rage facility as soon as possible, 

The annua 1 discharge vo lum. at equi libriUIII aft•~r expansion to 13 
reactors vi 11 be approximately 1 400 fuel el~~tlts per year, 
correspondi~g to approximately 300 metric: tons cf ura~ium per 
year. A transport cask such as NTL ll,TN 17 or the equivalettt 
(see 2.4.3) can transport max. ~tons of ~clear fuel. When equi­
librium has been achieved, i.e. after the fuel accumulated·at the 
nuclear power plants has been transferred to the central storage 
facility, the annual number of c~sk transports will be approxima­
tely 100. 6-8 casks will be required for this vol~. The trans­
port distance fvr the sea transports from the nuclear nower 
plants to the three studied !lites for the central fuel stor~ge 
faci 1 i ty (Forsmark, Oskarshamt'l and Studsvik) vary from 200 to 
1 100 km. 

A single shipload may consi~t of 4-8 tr:tnsport c:a!lks. On the 
average, it is assumed that 24 ho~rs will be required for all 
handling of each cask ~t the nuclear power plant. There will be a 
certain amount of overlap so that one cask will be transported 
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into the statior. and prepared for handlin~ before the immedi<>tely 
preredin~ cask is returned to the ship filled wi'th: fuel. Approxi­
mately one extra day will therefure be. require~ (~r a single 
shiplo.,tl, for ex1.mple a total of 7 Jay;: wi 11 be"- required for 6 
r.,sks. 

24 hour!< will also be requited for the t(.'O<Pt:.tion of e.1.:·h filled 
c<1sk :lt the central strra~C' f,,cility plus clP:1nin~ 'lnd <Jr.,oar.'l­
tiun. An extra dav is also expected to be required her• befo~e 
the ship is ready for departure, lo,,detl with empty c.Hks. 

The ,,~.rious transport stages are described briefly belrw. The 
as.:u:r.ptions are f, c,,sks per ,;,;pment, ,, tot.ll cravellin~ time 
on••-w,,y of .!.8 hours ,,nd no unforeseen delays. Howevo>r, ai lo•an,-e 
must be made for both foreseen anti unforeseen delays - such ao; 
poor weather, unplanned production stopp~geo; at the power plants 
and at the o·entr-'ll sto:-a~e fadlity et~.- in plannir..g the total 
annual tran~portation c.1pacity of t!•e system. 

Typical time~: required for the tr.msportation uf 6 transport 
c.,sks from a nuclear polol'er plant to a centra! o;tora£;!' f.1cility: 

Trano:pnrt stage Time rE>qlli red 
1. .•nurney to nuclear po..,er plant 

,,,.j th 6 empty tr:lnsport casks 
on hoard. 

48 hours is :F!'lme,! tn 
thio; example. 

2. 

.!.. 

Transfer frum ship to trailer 
rf one ca;;l< .~t .1 time. Lift from 
trailer vi.1 reactor hall level 
to ponl, wherE' cask is filled 
wi:h fuel. Desp<ltch. 

R('turn journey to central stor­
age f.1cility. 

Receotinn in the CE'ntral stora~e 

facility. CC'oling, cleaning, un­
loadin£; nf fuel. Preparation of 
casks for new shipment. Lo:Hling 
of transport casks on ship. 

24 '10nro;/cask plus 24 
hours for entirE' ship­
ment equa 1 i d.1ys for 
6 casks. 

s,,mc .1s trip to pLmt. 

Tn this example, 
48 hours. 

24 huurs/cask oll:-; 24 
hours for entire ~hip­
'TIE'nt. i.e. total 7 d.1y~. 

The time required for an entire tran~p<>rtati,m C\'cle will thu:; he 
lA d:lVs, and the number nf sea transpnrts per year lol'ill he lh-17. 

,\transport c,,sk consists of the follP"Wing m.,in cpmponents: 

An inner cask fitted with a nt.>utnm-ahsnrbing subst.1nce ~nd 
usnally m.,ce nf a heat-nmduc-ting material. 
,\ thick ganma rav shield m:1de ->f heavy materi-'ll such .1s )('ad 
or s tee 1. 
,\neutron shield t<' rC'Jurc neutr<>n emissi,,n, mainly f;-,,m 
curium-2.:.2 .1rd -2C.!.., 

Heat-dissipatir.i( flan,.-:es on the ontside ,,f the tranoo;p,,rt 
,.,,sk ot .1n air-cooling system. 
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• A shock absorber to protect the transport ~ask' • cO'\·er and 
its connections. 

A transport c:ask must also meet the safety req\alrellll!nts cf the 
lAEA transport regulations for type B packagings. This Means that 
it must be able to withstand: 

A 9-metre free fall onto a hard surface, 
Free fall from a height of 1 metre against a solid steel c:y~ 
lindar with a diameter of 15 c:m. 
Heating for 30 minute~ to 800°C. 
Submersion in wat~r to a depth of 1~ metres. 

The trans~rt c:ask must al~o meet Lhe requirements imposed on 
type A packaging by the IAEA regulations. · 

The tr3nsport casks which will be used for the transport of 9pent 
fuel in Sweden will most pr~bably be of European design. The 
casks which are the most likely candidates are NTL 11 and NTL 12: 

NTL 11 'rig. 2•3) is a refined version ot the English Exellox 
tran~p0rt cask., which has been used for transport between Oskars• 
hamn and Windscale. NTL 11 vas put into commercial operation in 
the autumn of .1977 for transport from the Wurgassen reactor in 
Germany to the French reprocessing plant at La Hague. The cask 
consists of an outer steel container, which serves as the 
pressure vessel, plus an inner lead container, which serves as 
the gamma ray shield. The inner lead container is covered with a 
sta1nless ste~l lining in order to f3cilitate internal cleaning 
uf the transport cask. NTL 11 will bt> used e;o::dusively for "vet" 
transports, in which the transport 1ask is filled with water dur­
ing fuel transportation. 

stt 12 (Fig. 2•4) is of French design and has the l~rgest capaci­
ty of 3ny transport cask on the market. The cask consists of a 
300 mm forged steel cont3iner which constitutes both the pressure 
vessel and the gamma ra, shield. The transport C3Sk is lined with 
stainless steel. In order to provide adequate neutron shielding, 
the steel cask is cove~ed with a 100 mm thick organic material. 
The large ~uantities of heat (max. 100 kW) are dissipat~d by a 
large m1mber of copper fins, 30 em in length, on the outside of 
the transport c~sk. 

NTL 12 can be used for the transport of sl)ent fuel with either 
water or air as ~ coolant. 

At present, one NTt 12 cask is being manuiar.tured in Germany and 
vi 11 be ready for use some time in 1978. The French reprocessLg 
company COGEMA recently ordered 5 NTL 12 casks. The !'.TI 12 cas~ 
will be useJ pri~arily for transports from ~uclear power plants 
and the central fuel ~torage facility to reprocessing plants. 

A number of Svedi!lh and western E1Jropean nuclear power plants 
(BWR) of somewhat older vintage ar-e not equipped for the handlin~ 
of NTL 12 casks. For this re~son, the manufacture of a slightly 
~maller vers1on of t~e NTL 12, designated TN 17, is planned. TN 
17 will be ready for operation in 1979-198J, 

As was mentioned under 2.4.1, the French company COGEMA has 
announced its plans to enter the spent r.uclear fuel transporta-
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Fi~r-e :l·J. ,vn. II rrrmspon cask for .~pent fuel (left}. 

Figure :l-1. NT!. I: :r-.msp.~rr cask. This cask can he usecl for eithf!r spenr fuel or ~·itrifietl waste 
(right). 

ti<'n field anJ plans to m.1nufacture transport casks desi.e.nateJ LK 
80 :l .1nd LK 100 il. D.·lta aside from capacity and dimensions have 
not yet been obtained for these casks. 

Sea transports 

l t is assumed that spe11t nuclear fuel wi 1 l be transported to the 
central stPral,e facility by sea. The construction of a ship de­
signed especially for that purpose is considered warranted. 

A s11itable size for such a ship is .1pproximately 1 000 tons Jwt. 
S11cil <t ship can take up to 8 transport casks of the f,)reseen 
siZl', e.;.\. 7'i'TT. ll or n; 17, .1t a time. Avail<tble Swedish t"nn.1ge 
in this size class is very li1nited. ~1oreover, it is difficult t<' 
ad:1pt existin~ ships to the requirements which mu"t be rT>ct hy a 
ship which i~ u;;eJ regularly for the transportation of sp('nt 
nuclea1 f•.Jel. l'.:,isting ships could be chartered f('r cwcast<'llill 
transports, but since fuel wi 11 be transported ci•r<Highout mnst "f 
the y('ar, this alternative wnulJ be unecon,,mic-a! i.: the long run. 

The tr;msport vessel shoulJ be ('quipped with cff('c'.:ive steering 
anJ ct<wring rcr~oiprocnt. Its draught will he limitcJ tll ]-4 '"• 
which filE':lllS lltat existing ,·1t.1nt1els and harbours can be nseJ. The 
ship will h<' Jesigne<i fpr <'llnvcntional cargo h.1nJling ,,r f,,r 
rlll l-,,n r,,l!-,,ff. \~i.th Cllnvcntionitl r1.1ndling, the cargll is 1 iftpd 
dirvctl;; dc,wn ,,nt<> the h<1lds hv nit•an,; nf do.~k-haseu cr:mes. This 
m('thnd is used toJ,,~- at the S1•cdish r.nclec.- p••wer plants. h.i.th 
n,l[-,,n rol l-oif handl in~. the tr-1nspllrt vehicle - the trailer -
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can drive on and off the ship without requiring any lifts by har­
bour cranes. The hnrbours at all of the nucleae ~~ plants ~an 
be adapted for such rational handling. 

The cargo mu~ot be secured in the transport vessel in such a 
manner that it wi 11 not come loose in the event of a collisic·n or 
if the ship r~ns aground. The hull is divided by watertight ~ulk­
heads for added security against sinking. Should the ship ne\er­
theless go to the bottom, it must he easy to· locate. It will 
therefore be equipp~d ~o~ith some such device as 'ln underwater 
transmit~er which is automatically activated if the ship should 
sink. The "!tipping lanes and channel!' are shallow enou)!h to per­
mit salvage of both ship and car~o. 

Tile hull of the ship must be designed for running through ice. 
But a vessel of the size in question cannot f11n::tion as an ice­
br~aker, ~o~hich means that the assistance of icebreakers ~o~ill be 
required under difficult ice conditions. 

• preliminary study for a ship project has been conducted /2-2/ • 
.. ccording to this study, the time for delivery of a vessel of the 
type describPd here from a SwediEh shipyard is currently 1 1/2 to 
2 years. 

Below is an outline of a po!!sible S~o~edish transportation organi­
zation: 

The transportation organization (personnel, material etc.)· 
is a unit within tl1e oq1;anization of the central fuel stor­
age facility. 
Transport casks are procured by cooperation ~o~ith an existing 
transportation organization. Alternatively, manufacturing 
under license may be consid~red. 
Auxiliary equipment (trailers, tractors etc.) is procured by 
the transportation organization. 
The transport vessel is built and o~o~ned by a S~o~edish shiop­
ing company. The transportation organization charter.s the 
ship as needed (probably year-round). 
The transportation organization is contracted by the Swedish 
nuclear pov.r industry to ualdertake the necessary tranll­
ports. 

TRANSPORTATIOf .: VlTRIFIED HlGH·LEVEL WASTE 

Gener.11 

The transportation ot ,,itrified high-level waste in the form ·.Jf 
~o~aste cylinders from Europ~ar. reprocessing planu ~o~i 11 be under­
taken by the reprocessin~ C"ompany or by a transportation organi­
zation contracted by the reprocessin~ company. 

Waste cylinders will be transported from rhe reproce•sin~ plant 
to S~edcn in transport casks ~o~hich are in principle identical to 
those wh.ich are used for spent nuclear fuel. :-oTt 12 is one of the 
types which may be used. TI1i!'l cask can transport up to 6 to•· of 
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nuclear fuel with a maximum permitted heat generation of 100 kW. 
Calculations carried out for this transport cask show that 15 
waste cylinders can be transported. 17 kW of hea_t!: ·:!,s thereby ge­
nerated, which is well below the permitted limi)s·· fur the cask. 
The gamma ray and neutron shield is fully adequ;;te to meet IAEA 
standards. 

After expansion of the Swedish nuclear power industry to 13 reac­
tors, the annual volume of dis~harbed nuclear fuel will be about 
300 metric tons of uranium, corresponding to 300 waste cylinders. 
The ships which are used today for the shipment of transport · 
casks have a cargo capacity corresponding to 6 type NTL 12 casks. 
One transport vessel would thus be able to transport a maximum of 
90 waste cylinders, corresponding to 3-4 shi?~ents, per year, if 
all nuclea~ fuel is reprocessed. 
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3.1 

CENTI~L STORAGE FACILITY FOR SPENT FUEL 

·-.;:;·--

GENERAL 

The following chapter is based on the conceptual st,~-:!y carried 
out by the National Council for Radioactive Waste Management 
(PRAV) concerning a central storage facility for spent nuclear 
fuel /3-1 I. 
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The siz~ and design of the central stora~e facilit~ has been bas­
ed on a total storage capacity of 3 000 metric tons of spent 
fuel. The fuel ~ill be st~red in the central storage facility for 
an estimated ma~imum period of 10 years, after which it will ~e 
transported either to reprocessing or other storage. 

The central storage facility will also be used to st~re discarded 
componl1ts from the reactor core. In some cases, these components 
will undergo mechanical treatment prior to storage in the fuel 
povls. It is assuiT'.ed that the facility will be situated in rock. 

The facility h3s t'1r.·e mai.n sections: Receiving section, storage 
section an. auxiliary systl'ms section (see Fig. 3-I ~nd 3-2). 

The fuel arrivP-s at the central storage facility in transport 
casks which are unloaded, cleaned and cooled in the receiving 
section, after which the fuel is unloaded. 

The fuel is stored • .t the storage section in a mnnber of fuel 
pools of the same basic type as those in a nuclear power station. 

The auxiliary systems section contains equipment for cooling, 
cleaning of the coolant water, waste treatment, process monitor­
ing and power supply. 

Storing spent fuel in water-filled pools is basi~ally a telative­
ly simple operation, from which many years of experience are 
available from nucleAr power plants. However, due to the high 
handling frequency ~nd large volume of fuel stored in the central 
storage facility, careful thought must be given to layo~t and 
systems design before the design of the facility can be finaliz­
ed. The design goals shall be optimum operational availability, 
safety and economy. The design described below is tentative in 
certain respects, but nevertheless provides an idea of th~ basic 
principles for the ~andling and storage of spent fuel in a cent­
ral storage facility. 
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Figure J-1. 1/vriwnta/ am/longitudinal sectium uf central storage facility fur spent jiu!l. ( Frvm 
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3.2 DESIGN REQUIREMENTS AND PRINCIPAL DATA 

3. 2. 1 

3.2.2 

Principal ~ · 

The capacity of the facility is based on the following design da­
ta. 

Storage capacity, fuel 
Storage capacity, B\o/R elements 
" P\o/R e 1 emen t s 
" , core components 
Storage cassettes, 25 BWR elements 
Storage cassettes, 9 PWR elements 
Sumber of storage pools 
Sormal amount of uranivm per pool 
Water volume per pool 
Total max. cooling requirement 
Seawater flow for cooling 
Temperature increase of coolant seawater 
Pool temperature, normal 
" max. in normal operation 
" max. at reduced cooling 

Receiving capacity 
Total excavated rock 

Design principle~ 

capacity 
1 transport 

) 000 ton~ uraniu~ 
12 000 

1 800 
700 tons 
480 
200 

6 
500 tons 

2 000 m3 

6.5 ~ 
400 kg/s 

5°C 
20-30°C 

60°C 
l00°C 

cask per day 
250 000 m3 

The plant will be designed and constructed to mod~rn tec~nical 
standards in compliance with governn~nt laws and regulations. 

The design of the facility shall be based on a service life of at 
least 60 years. Exceptions can be made for replaceable compo­
nents. 

Buildings and systems shall be designed to pro~ide some protec-

·-··- ____ _,_, ___ .. , ___________ _ 
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tion against sabotage and acts of war. The fuel storage pools and 
a system which supplies them with water will be earthquake-proof­
ed. 

. 
The facility will be equipped with diesel gene'rators for stand-by 
power :mpply in the event of a failure of the external mains pow­
er system. 

Separ.1.tion and redundanc_y 

Syste!Ds which provide coolinll: of the fuel or prevent or restrict 
the release of radioactivity shall be designed with redundant 
configuration. This redundancy shall be desig.1ed to ensure high 
operational availa~ility and so that the malfunction of one com­
ponent will not jeopardize the function of the system. 

The temperature of rhe water in the fuel pools will be allowed to 
rise to max. 60°C if only one heat exchanger or one pump is out 
of service. Air temperature and humidity will also be allowed to 
rise in the event .of the failure of one component. If the regular 
cooling system fails completely, the temperature of the water in 
the pools will rise to 100°C after ~bout one week. In ordEr to 
guarantee that the fuel is kept covered with water, the facility 
will be equipFed wlth a make-up water system which can c;upply the 
required quantity of make-up water to the pools fror. 3 storage 
tank. This system will be physically separated from the poo1's 
normal cooling system and will not require an electrical supply. 

The pools will be designed to withstand the stresses to which 
they can be subjected in connection with boiling. 

Fire 

The facility will be equipped with fire detection and extinguish­
ing systems. Fire zones will be designated for evacuation and 
fire fighting. 

A fire must not be able to disable the electrical power supply to 
both pool systems. A fire in the operation control centre may be 
permitt"d to temporarily disable both process lines. ~anual start 
0f at least one of the process lines shall h.e possible from a 
place other than the operation control centre. 

Opera~ion control centre 

The fa ·ility will have an underground operation contrr:Jl centre 
and a number of local control rooms. It will also be possible to 
monitor certain vital proce3s parameters from a monitoring sta­
tion on the surface. 

Type of >uel transport 

The systems and equipment in the receiving section will be de­
signed to receive water-fi t'led fuel transport casks. Casks for 
dry transport of the fuel will not be used for fuel transpo~ts to 
the facility, but may be us~d for transports from the facility. 
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The. saturation pressure in the caak is no~lly 2•3 bar when it 
arrives filled with fuel. 

!t is assumed that the facility will be located near a harbour. 

DESIGN OP FACILITY 

General 

23 

The facility will be located in rock in order to satisfy require• 
ments on protection, especially of the stor~ge section, fr~ sa­
botage and acts of war. Since it has been judged expedi~nt to lo­
cate the receiving section directly adj~cent to the_ storage sec• 
tion, the storage and receiving sections will be located in a 
line in a rock tunnel approximately 21 m vide, 25-35 m high and 
280m long (see Fig. 3-l ~nd Fig. 3-2). 

The facility's waste system and the cooling and cleaning systems 
for the receiving and storage pools will be located in the lower 
part of the receiving se..:tion. 

Electrical power supply and monitoring equipment for the equip­
ment in the rock caverns wi 11 be located in a gallery which runs 
parallel to the gallery for reception and storage and in a tran-
3ept be~een these galleries. 

Other auxiliary system components will be in~talled in a building 
on ground level. The ~ntry, administration and ~ervice sectio~s 
of the facility ~ill be located in connection with the auxiliary 
system section on the surface. 

The surface units will be connected to the rock cavern~ through a 
vertical shaft for communications, pipes, cables and ventilation. 

Nuclear fuel, core components and other heavy materials will be 
transported into the fncility through d~scent tunnels from ground 
level down to the receiving section and au,iliary systems section 
at a Jeplh of 50 metres below the surface. The gradient in these 
tunnels will-be about 1:10. One loop oi the transport tunne: will 
also pass through the far end of the storage section. Additional 
tunnels may be required to expedite quick and economical blasting 
of the rock caverns. 

The receiving and stor~ge section9 will be designated as con­
trolled areas in accordance with rad1ation protection regula­
tions. 

Personnel will be admitted to these areas via the shaft from th(. 
surface·installation down to the changing quarters in the tran­
sept between the two galleries. 

The only controlled area on the surface is the exhaust fan area. 
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Receiving section 

~lost hand ling of arriving and departing radioacdv,.Ei'.material 
takes place in the receiving section. The gallery measures 20 m 
in width and JS m in height. 

The receiving section contains equipment for reception, cleaning, 
cooling and unloading of the fuel from the transport casks. Sext 
to the receiving section is a work~hop for maintenance of the 
transport casks. 

t\fter the transport c:ask has been unloaded from .:he ship, it is 
tr:mspor-ted down to the off-loading station in the receiving sec­
tion on a trailer. The ,Jff-loaJing station is designed as a lock 
ano is situated in a transverse pas~age underneath the floor of 
the r~ceiving hall. 

Tl1e transport cask with its transport cradle are lifted up 
throu~h the tr<tnsport opening in the lock by an overhead crane 
and placed in one of the radiation-shielded holding pens at floor 
!eve 1. 

In the holding pen, the shock absorber and the En~tenings which 
anchor~d the c<tsk durtng transport are detached. A special lift­
ing yoke LS connect~d to the cask, after which it is raised bv 
~~e crane and carried to special cells for testing, cooling and 
cleanin~ of the water in the casks. 

The cask is first provided with <1 jacket which protects the cool­
tng flanges from contamination during the following Gperations. 
fhe condition of the fuel is then checked by sampling the water 
in the c3sk. The cask is then connected to a special circulation 
system for coolir.g and clea~oing which reduces the temperature and 
thereby also the pressure in th~ cask. The radioactivity level in 
the outgoing wat~r is checked during .the process, providing 
further indication of any defects in the fuel cladding and of the 
progress of t:1e cask-rinsing operation. 

Following this phase of the reception process, the cask is remov­
ed to a receiving pool. With the proposed design of the receiving 
section, this can be Jone in two different ways, depenaing on thP 
type and design of the cask which is used. 

Casks.of standard type intended for Swedish transportation re­
quirements will be lowered down in a shaft and placed on a trans­
port w01gon which can be TT!Oved via a horizontal transport p01ssage 
to d holding pen underneath the receiving pool. 

Th12 top pdrt of the cask is connected to a transport opening in 
the bottGm of the pool by means of a mobile mechanical sealing 
device. 

The above-described means of transport t~ the receiving pool re­
qlrlres a certain type of cask and can therefore not be rpplied 
generally. Jther types of casks may also be used, e.g. fv, trans­
po·-ts to foreign reprocessing plants. These casks are Jo..,ered di­
re:tly down into the receiving pool in the conventi~nal manner. 
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The advantage of the fo~r method is that conta.ination of the 
outside' of the cult during unloading can be eOI!Ifl!tely eli111inat• 
ed. ... : 

-er· 

The unloading process takes place under water in the receiving 
pool. The fuel is unloaded by a series of tools which are stored 
in the pool or are mounted on a gantry crane w:1icl'l covers thl! en­
tire work area. The gantry crane is equipped with a t•lescopic 
device for handling the fuel elements and with liicing equip111ent 
for hanqling of tool~. transport ca~k covers and linings etc. 

The unloading operations are ba~icall1 the •ame fo~ a tranKport 
cask in the pool as for " transport cask in the holding pen un­
derne.Jth the pool. The following operations are carrie\! out: 

The co\~r is removed and ~laced next to the cask. 
The fuel elements are lifted out of the cask by meana· of the 
telescopic device and taken to a storage cassette in the re­
ceiving pool. F.ach element can be inspected for cladding da• 
mage and, if necessary, the positions in the cassette can b@ 
covered with a 1 id and connectl!'.d to a vacuUIII extract ion sys• 
tem. 

1 f the cask insert has to be t'ep laced fl"r- th~ transport of ,,n­
other type of element, the followin~ operations are performed: 

• 
The insert if lifted up by the auldliary hoist on the ):tMtry 
crane and moved over to a side part of the pool which con­
tain~ equipment for decontamination of the entire insert. 
A new insert is installed in '.he cask. 

When the cask has been emptied, the cover is fitted. tf the cask 
ha~ been irr~rsed in the pool, the cask and its protective jacket 
are externally washed during the lifting operation~ to prevent 
contamination of the transport path across the floor. If the cask 
has been in the holding pen underneath the pool, washing in con­
nection with transj)ort up to flo::~r level should not be required. 

The cask is then conveyed to a station for decontamination 1nd 
inspection t:efore it leave~ the facility. This station is located 
adjacent to the .ooling station and, like the cooling station, 
consists of a sub-floor cell. The protective jacket is r~moved 
and external parts are w.:~shed so that the surface activity of the 
cask is reduced to acceptable values. 

After transport to the holding pen and placement on the tr.:~nsport 
cradle, the cask is ready for despatch and loading onto the ship. 

The capacity of the rece1v1ng section has been estimated to be 
about one ca~k per day. 

Storage ~ection 

The sto~age section consists of six water-filled pools connected 
with each other ,1nd with the receiving section through a trans• 
port channel There is a door in each pool leading into the trans­
port channel. T::e pools are located separately and in a rc>w. nne 
after the nt'ler, in the rock gallery, which is about 20 m wide 
and 25 m high at this point. 

- • 

• 

• 

• 

• 

• 

• 



26 

3. 3. 4 

I 
L__ 

E~ch pco 1 norma 11 y contain'.! about 500 tons of fue.l :~and has a v_ · 
· ter volume of about 2 000 m3 and a depth of aboiK '1.2 m. 

The pools are lined with stainless steel so as to permit inspec­
tion for lea~age. Furthermore, the pools are equipped with ~ spe­
cial leakage monitoring system and are covered. 

The fuel is stored vertically in specinl cassettes in the pools. 
The cassettes are portable and are also used for transporting the 
fuel from receiving pool to storage pool. A special cassette­
handling crane, 'tlhich runs on :,earns on either side of the pools, 
is used to transport the cassettes. 

The cassettes are of standard dimensions. One cassette for BWR 
fuel can hold 25 elements, while one cassette for PWR fuel can 
hold 9 elements. A total of 680 cassettes will be req~ired for 
3 000 tons of uranium, with the expected distribution between B~~ 
and PWR elements. 

The spent core components consist primarily of the fuel channels 
(boxes) which enclose the fuel elements in a BWR reactor, spent 
control rods, neutron emitters and detector equipment from the 
reactor cores. It is assumed that this material will be stored in 
stainless steel cases with the same external dimensions as the 
fuel storage cassettes after reduction of their volume by means 
of chopping and compacting of bulky components. An estimated 20-
30 or so storage cases will be required up until 1990. 

Adjacent to the receiving pool section is a special pool for 
handling (chopping and compacting) of core components. 

Catwalks run alongside the receiving section outside of the paths 
of the overhead crane. Supply and discharge pipes for pool cool­
ing run underneath these levels. The supply pipes are connected 
to the pools on the long sides, while the discha ;e ;>ip.:!s carry 
water away fro"' the overflow weirs o.long the short sides of the 
pools. 

Auxi 1 iary systems_ section 

The auxiliary syste·ns section is divided into above-ground and 
underground installations. The radioactive systems are located 
underground and close to the receiving section in order to mini­
mize the number of radioactive pipes and avoid long radioactive 
pipe d•tcts. There is also an .inactive "uncontrolled" unit under­
ground, which mainly contains electrical power supply and moni­
toring equipm~nt for the underground systems, and an operation 
control centre from vhich the facility is co~trolled ~nd monitor­
ed. 

Th~ surface systems include a saltwater cooling system, parts of 
Jn intermediate cooling system, a compressed air system, ventila­
tion system, power supply, switchgear, diesel generators etc. 

Radioactive cooling and cleaning systems 

The cooling systems for pool water are located in conr1ection with 
the storage pools and between the storage pools and the receivi~g 
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pooh. '11\e discharge pipes fr~. the pooh lead t1:f a level control 
well underneath the receiving hall. l1te PUIIP• ancbheat exchanRers 
for the pool cooling systems are located on thf-'level helov the 
level control well. These heat exchangers are eooled via An 

intermediate cooling system. The heat exchangers for the inter­
mediate cooling system are located in the surface building and 
are in tum cooled by seawater. The intermediate coolinR system 
is connected to the pool cuolin~ syste• via pipes in the commu­
nications shaft. 

The cooling and cleaning systetDS for cask and pool water are lo­
cated next to the delivery lock ar.d close to the cask handling 
positions in the receiving sec.tion. A radioactive pipe duct runs 
between the two handling lines in the receivinc section. 

The filters for the cleaning syst~c• are located on eith~r side 
of this pipe duct in raciation-shielded cells. A eervice roo. for 
these filters and a charging room fr~ which the filters are 
covered with filter material are located on the level above the 
filter cells. 

Underneath the ;ilters are pipe and ventilation ducts and under­
neath these are tanks for used filter material. The filter mate­
rial is pumped out of these tanks via a radioactiw 11ipe duct to 
tran£port casks for spent filter material. These casks are sta­
tioned in radiation-shielded positions in the waste section of 
the receiving section next to the transport lock, from which they 
c~n be transported out via the lock and the transport tunnel. 

Besides equipment for spent filter material, the waste systems 
include systems for recovery, treatment and discharge of water. 
These systems incorporate an evaporator and a number of collec­
tion tanks for water of va:-ious grades and in various stages of 
the treatment ~locess. They are located fer the most vart •mder­
neath the workshop section ne1tt to the receiving hall. Pipes nm 
via the radioactive pipe duct. 

A control station for controlled areas is located u:1derneath the 
transport lock and in connection with the waste systems. Certain 
parts of the process can be monitored and controlled from this 
control station. 

Electrical systems 

The entire electrical section is an uncontrolled, i.e. inactive, 
area with the exception of certain personnel and ventilation 
areas. Personnel enter tile electrical seetion at one end oi the 
rock chamber via the communications ~haft. 

The facility's operation control centre is situated so that it 
provides a direct view over the receiving and storaRe halls. Per­
sonnel quarters are located adjM~ent to the operation control 
centre. 

The electrical ~~ction is divided into fire cells to that elec-
t Tical systems which be long to different redtmdant components and 
sub-systems are physically and atmospherically isolated frOID each 
other. 

f) 
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Auxiliary system~ on the surface 

The surface buiiding contains an electrical s·t.~ion, die~el ~ene­
r~tors, co~linR system, ventilation system"and.of~ice and servi~e 
quarters. Th~ uiesel generat0r section contains an extra ventila­
tion level and tr.e t!lectrical section has an undergr,.,und cable 
leve 1. 

The surface facility i~ an unc~ntrolled art!a, with the exception 
of certain areas for ventilation of th~ controlled oarts of the 
rock cavern facility. 

The !;urface building i!; entered from the ot•tside vL1 an entrance 
hall on ground level which i~· !;uperviaed frJm a ~<:u<:rd room. The 
guard room is also situated to permit supervision cf the entrance 
to the corrrnunications sh.1ft. Thf' corrmunication!; shaft i,; ~urroun­

d~d by a thick concrf'te missile shield. Office ard personnel 
quarters are located adJa~ent to the entran:e hall. 

The ventilatio~ !;y~tems are divided into a controlled section, 
which serves the •mcierground controllt>d receiving and storage 
sections, ant: an unccntrolled section, which o;erves the under­
ground electrical syste~g and the surface building. 

lhe controlled surf~ce se~tion is entt>red via a changing room 1n 
the surface personnel section. 

The cooling syste~ consists of pumps and heat exchangers which 
belong to the seawater coolir.g circuit and serves thr. intermedi­
ate cooling system for the pool w~ter cooling and treatment sys­
tems. 

The power supply system<; are loc.lted ,lt ground level above a 
cable tevel which is connected with t~e cahle levels for the un­
derground electrical ~vstems via cable conduits in the communi­
cat ion::; shaft. 

SERVICE LIFE AND DECOMMISSIONING 

It is estimated that the central stor~~e facility will have an 
economic life of approximately 60 years. This does not mean that 
the facility will no lon~er be useful for its purpose after this 
period of time. Naturally, machinery and equipme!lt nrust be main­
tained and renovated as needed during the lifetime of the factli­
ty, but it serves no purpose to anticipate a 1or.ger service life 
at this time. 

When the central !Hora~e facility hils sorved out its life, de­
commissioning is •acilit<~ted hy the location of the facility in 
rock. Decommissioning may proceed as foll,,ws: 

Fuel is rtmoved to anoth1er stor~)!.e facility, to reproc!"ssing 
or to dire:t disposal. 
High-level C•Jmpcnents ,,ther th<'ln fuel "lre removerl to final 
d ispo!~!al. 
The facility is thorou~hly decontaminated. Srrap and build­
ing ccomponent5 which constitute lo..,... <~nd medium-\.'aste are 
tAken away for dispn5al. 

' ' 
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The facility can then be ~ed once again for nueiear or other ac­
tivities, If the rock· caverns are not to be utilized for other 
~urposes, but rat~r sealed off, the vork of dis .. ntling and de• 
contamination may be reduced, 

The decommissioninr. of a central fuel storage facility pose• fev­
er problellltl than the deco11111issioning of a nuclear nower plant. 
This i1 primarily due to the fact that the central stor.1~e fad• 
lity don not contain heavy equipment or Pttrl!l'lnent installation• 
vhi~h are higrrly radioactive, 

3.5 OPERATION OF FACILITY 

The central storage facility for spent nuclear fuel will be under 
the supervisi~n of the same authorities aA a nuclear paver ?lant, 
namely the National Nuclear Power Inspectorate, the National In­
stitute of Radiation Protection etc, TheRe authodties issue 
directives and regulations governing both the deRi~n and the 
operation of the facility, 

Administrative surveillance of the fuel will be carried out under 
the supervision of the Swedish :'iuclear Poo~er Inspectorate (SKI) 
.1nd the International Atomic Energy A~ency (lAEA). 

The operating personnel, an estimated 100 or so persons, will re­
ceive both theoretical and practical training in matters such as 
radiation protection, criticality, design and function of syster.ts 
and components and operating and maintenance technology. Practi­
cal ':raining of the personnel vi 11 include on-the- job duty at 
operative nuclear power plants with a special emphasis on fuel 
h.1ndling. 

• 

• 

-· 
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The spent nuclear fuel which is to be rep~ocessed will be trans­
ported either directly or via the central fuel storage facility 
to a reprocessing plant. No such plants are currently planned in 
Sweden, so reprocessing services must be purchased from abroad. 
For this reason, the design and operation of these plants will be 
dealt with in less depth than the other plants which are included 
in the nuclear fuel cycle. The main emphasis of this chapter is 
on the properties of the vitrified waste which will be returned 
to S•.teden for final storage • 

REPROCESSING 

Processes 

The plants for the reprocessing of spent nuclear fuel which have 
already been erected, are under construction or are in the 
planning stage are all based on variations of the American Purex 
process. In brief, this process involves chopping the fuel ele­
ments, dissolving the fuel i~ nitric acid, separating uranium and 
plutonium from the fission products in the fuel hy means of ex­
traction with an organic solvent, separating the uranium and plu­
tonium from each other and final refinement of the uranium and 
plutonium. 

Reprocessing of the spent fuel divides the fuel into four fr~c­
tions containing uunium, plutonium, cladding waste and high-le­
vel waste in solution. Fig. 4-l shows a flow scheme of the repro­
cessing of spent nuclear fuel from. light-water reactors. 

Light-water reactors, which dominate new reacto~ constntction, 
use fuel elements with uranium in the foT'III of an oxide. Burnup in 
this fuel amounts to about 30 OCO MW per day per ton of uranium. 
This is mueh higher than in the English and French gas-cooled 
power reactors and in military reactors. Most reprocessing expe­
rience is for fuel from the latter type of reactor. 

Processing tH s fuel presented more technical difficulties than 
expected. Th~ problems were associated with the mechanical chopp­
ing of the fuel, the dissolution of uranium oxide, the separation 
of solid particles from the liquid and the higher radiation le­
vel, which leads to some disintegration of the organic process 
liquids. The reprocessing of light-water reactor fuel has now 
been demonstrated in 5 plants. EurochP.mic in Belgium, WAK in West 
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Germany, Windscale in England, La HaguP. in France and ~uclear 
Fuel S~rvice in the USA. 

Paral:el to the main process are a number of auxiliary svstems 
for treatment of the solvent to rende: it suitable for reuse, .-e­
cove7y of nitric acid and treatment of gas-borne and liquid 
waste. These systems require expensive and ad~anced technology 
for process control as well as for personnel protection. 

The fuel entering the plant is stored in water pools which pro­
vide cooling and radiation shielding. The fuel is taken out of 
the pools after a cooling period of at l~ast one year for pre­
freatment, in which the fuel elements ar~ freed of their external 
structural parts and chopped into 5-8 em long pie:es. 

The c~opped material is transferred in a basket to a jissolver, 
where the urani~ oxide with its fission products an~ transurani­
um elements is dissolved in boiling nitric acid. The leached 
hulls remain undissolved and are transferred to waste canisters 
for storage. This scrap contains induced radioactivity in the 
zircaloy cladding as well as traces of fuel. Gaseous fission pro­
duets - rna in ly i od i ng, krypton and tritium - are evo 1 ved. The 
iodine is s~parated in the exhaust gas system '.:Jy means of alka­
line scrubbing and special filters. Methods are also available 
for separating krypton from the exhaust gas . 

.Jhe ·solution containing the fuel dissolved in nitric acid i!o fed 
into a S]Stem 1•here two immiscible liquids - the nitric a~id-fuel 
solution and a~ organic solvent - flow in opposite directions 
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vhile the liqui4 ph .. es ar~ alternately reBixed and separated 
(countercurrent extraction). Uraniu. and plutoniu. are highly 
luble in the·~rganic solvent unt:er the prevailiftl;conditions, 
wt.ile the solubility of the fission products i' very low. The 
quid phase flow1ng out of the systea contain. 99.9%"of the 
fission prod~cts /4-21/. This liquid contains the high•level 
waste. 

so-

The high-level waste soluti~n then eoes to processing stagea for 
concentratio~ and storage. After separation in the first extrac­
tion stage, the product flow is delivered :o another extraction 
stage. Here, conditions are adjusted so that plutoniu. is conver­
ted to a chemical form which is virtually insoluble in the orga• 
nic phase, while the solubility of the uraniu. remains unchanged. 
As a result, uranium and plutoniUIII are separated from each other. 
By means of additional refinement stages, both uraniua and plu-
toniUIII achieve the desired purity. · 

Uraniu. is finally obtained in the form of uranyl nitrate solu­
tion, which is calcined to uranium trioxide. The calcinate is . 
transported to a plant for conversion to urani~ hexafluoride and 
renewed enrichment. Plutonium is stored in the form of plutoniua 
nitrate solution and converted to plutonium dioxide ~fore it can 
be used for fuel manuf~cture. 

The high-level waste £olution contains 99.9% of the fission pro­
ducl':s, about 0.1% of the original quantity of uranium, about 0.57: 
of the original quantity of plutonium and all of the other trans­
uranilllll eletllf!nt.-. The solution is evaporated and normally stored 
for a perind of time in the· form of liquid concentrate in cooled 
and monitored stainless steel tanks. After storage, the high-le­
vel waste is calcined and vitrified. 

Reprocessing plants 

The high-level processes in a reproc~ssing plant must be carried 
out behind radiatio11 shields in "hot cei.ls" with metre-thich con­
crete valls. The se.:tions in vhi.;h uranium- or plutonium-beari:tg 
substances are handleJ must be designed for absolute security 
against critic-11ity. This is achieved by geometric delimitation 
of the process equip~nt, l;mitation of the quantity of fissile 
material in the solutions or the addition of neutron-absorbing 
s\•bstances. 

A reprocessing plant is divided into different sections on the 
basis of radia;;ion levels ~md ~ctivity contents. A number of pro­
tective barri~rs are used. For example, the !'lt~inless steel ves­
sel for dissolving ttle fuel is provided with special ventilation 
which maintains a negative pres~ure i~ the vessel. The dissotver 
is encl~sed in a cell whose flo~r and valls are lined with stain­
less steel. The cell is venti~ated so that it is at a lower 
pressure than sunounding spa.:es with lower activity levels. 

The principles .~f ~lant maintenance are very important in the de .. 
sign of a reprocessing plant. Remote-contr~lled maintenance is 
1oJrmally required for the mechanical equipment in the cell where 
the fuel elements are chopped up. The cell is equipped with mani .. · 
pulators and other equipment which permit repairs without human 
contact. 

- • 
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A high surface finish is of vital impnrtance to permit thorough 
cleaning (decontamination) of pipes and vessels prio .. to ~~~ain­
tenance. Traps, pocketa and sharp corners in pipelines where ra­
dioactive sludge could accumulate and be difficuit'tO remove crust 

"' also Je kept to a minimum. 

1-nl':::-eever highly radioactive liquids -'l!"e transferred between pro­
ce~s vessels, an attempt is made to avoid the use of e~uipment 
with moving parts (mechanical pumps etc.). Instead, steam injec­
tors, gas lift pumps or level diffPrences between the vessels are 
used. This reduces the risk of leakage and minimizes maintenance. 

Operational experience 

The repr~~essing industry has a 3Q-year history. Since the 1940s, 
fuel from military production reactors, research and experimental 
reactors and gas-cooleJ power reactors have been reprocessed. The 
technology for such reprocessing has been demonstrated in Europe 
on an industrial scale for many years at Windscale, Marcoule, La 
Hague and Eurochemic. 

Experience from the first stage in reprocessing - receiving and 
storage of the fuel in pools - hav~ led to the installation of 
more efficient systems fer cleaning the pool wa~er. Equipment for 
isolating and covering leaking fuel is another means to reduce 
the dose load on personnel who work in the r~ceiving section. 

High reliability in the unit for choppin! :he fuel elements is of 
fundamental importanc~ in ensuring high operational availability 
in reprocessing. At the reprocessing plant in Karlsruhe (~AK), 
the chopping cell has not been entered since it was put into ser­
vice 4 1/2 years ago. A La Hague, ..mere the entire fuel bundle is 
chopped, there have been some initia! difficulties, but these 
seem to have been overcome now. 

A iarge quantity of insoluble fission products is obtained from 
the dissolution of high-burr.up oxide fuel as compared with fuel 
from gas-cooled reactors. These fission products are obtained in 
the form of a fine powder. In addition, zircaloy chips are forn~d 
when the fuf'l rods are chopped. The solid particles can interfere 
with the extraction process and must therefore be separated. This 
can be acco~lished by means of centrifuging or filtering. 

One of the main problems in the extraction process for high-burn­
up fuel has bet!n 1e radiolysis of organic solution accompanied 
by the precipitation of zirconium butyl phosphate, which can dis­
rupt the procP.ss. The extraction apparatus must therefore be de­
signed to provide minimum contact time between the organic sol­
vent and the radioactive solution. Pulse columns and centrifugal 
contactors can give ~ontact times which are a factor of 10 lower 
than mi zer-sidimenters. The french atomic energy cmrmission has 
developed special multi•stage centrifugal contactors which will 
be useJ at the plant for oxide fuel in La Hague. 

Zirconium and ruthenium are the fission products which are most 
difficult to separate from uranium and plutonium in the first ex­
traction cycle. They can therefore contribute to a higher radia­
tion level in the following stages for separation and purifica­
tion of the uranium and rlutonium solutions. This has been a 
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probl~ in plants where the equi,..at ..a ~~ginally desi;ned fot 
fuel of lower b~Jrn•Jp. 

The exhaust gas cleaning pncess in a repro~~~ing plant IIWit be 
able to separate the iodine isotopes I-lllalid I-129 efficiently. 
I-131 is short-lived (half-life 8 days) and need only be taken 
into consideration when th~ spent fuel i~ reprocessed less than 6 
months after it is cH scharged frr-! :: .. reactor. This is not a 
possibility which need be .'considered in the case of light-water 
fuel. Oving to reduced li~its for the. release of 1-129 and 
problems in the handling •of iodine-containing alkaline washing 
solutiuns, solid filter~{with silver-in~pregnated catalysts are 
now being used to an incteasing degree. Tests of such filters 
have shown that they re/uce iodine releases to less than · 
1/lOOOth. I · 

The Eurochemic:. WAK, ~ndscale and La Hague plants have demon­
strated the r~roc:essj g of oxide fuel on a~ industrial scale. At 
La Hague, imp,roved apJ aratus has· been dew loped and tested !or 
the chopping.of oxide. fuel, the separation of solid particles and 
li'quid -.~tra::tion wir,h short contact time. The outlook is there­
fore favour~ble for satisfactory operational reliability and 
plant availability i~ future large-scale operation, 

' I 

Working environmen•l and safety 

The main factor wt/ich distinguishes the working environment in a 
reprocessing plan~ from the working environment in other chemical 
plants is, of cot.ITse, the level of radioactivity. The radiation 
enviror.ment in a,'reproc:essing plant can be kert under control by 
effective measut,ement and monitoring of radiation levels and re­
gistration of p~rsonnel doses. Such direct registration and moni­
toring are often not possible with respect to chemical enviTon­
mental factors/ The reconwnendations of the InteTtlational COfllllis­
sior. for Radiological Protection (IRCP) limit the annual dose to 
ra~iologicall~ employed personnel to a maximum of 5 rems. The 
fundamental gt,al of radiation protection work shall be to keep 
radiation dor,es as low as is practically postible. 

The internal environment at La Hague 

The nev receiving plant .for fuel from light-water reacto~s has 
been in c•,Jeradon for a short period of time. Experienc•·• from 
the procr.ssing of fuel from gas-cooled reactors are, however, 
consider'l!d sufficiently representative to provide a picture of 
the expected working environment situation which will be associ­
ated with operation with light-water fuel. 

The reproc:ess1ng plant has a unit .for company medical services 
(Service Medical de Travail; SHT) as well as a medical laboratory 
(Laboratoire d'Analyse Medical; LAM. which performs routine toxi­
cological and radiotoxicological analyses. The SHT unit employs 
12 persons while the LAM unit ~loys 16 /4-22/~ 

Radiation protection of the plant is under the super~ision of 
Service Central Protection de la Radiation Ioniz•e (SCPRI) an 
agency under the Ministry of Public: Healtn. ICRP standards aTe 
followed. The mean dose per employee in radiological work was 
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350 ar ... /year in 1975. Employees in t~• decladding section 
• (approx. 60 persons) and employees who vork llfith decontamination 

(approx. 50 persons) had received a mean dos• of 160G-1700 mrems 
per year. These two groups are exposed to the highest doses in 
the reprocessing plant. · :., 

Exposure data and other working environment matters are evaluated 
and discussed monthl1 by a committee which includes representa­
tives of both COCEHA and the trade union. 

There has .been a hea!th and safety conmittee at La Hague with lo­
cal reprt::>ertatives from the employees and the company managelllF.!nt 
for many years. Following a strike, a larger health and safety 
coiiiDittee !vas appointed in November of 1976 with representatives 
from the employees' central trade union associations and the com­
pany management in Paris. This committee submitted its final rP.­
port /4-23/ in June of 1977. The c.otiiDittee's recommendations are 
unanimous. They contain 47 points aimed at improving the working 
environment. The different points are of varying scope. 11 of the 
points had been acted on by June of 1977. There is a timetable 
for each point .and all points are to be implemented by 1981. 
COGEMA' s board has decided to implement the 4 7-point programme in 
accordance with the committee's proposal. 

The 47-point programme is jivided into the following sections: _ 

short- and medium-range reforms 
medium-range large-scale investments 
recruitment of new personnel (such as radiation protection 
personnel) 
safety equipment 
organization and methods 
studies 
training 
technical problems 
personnel problems 
technical organization and methods 

Representatives of the employees on the health and safety com­
mittee agree that safety is good /4-24/, but that the 47-point 
programme must be implemented in order to provide adequate safety 
m.1rgins. 

External environment 

Releases into th~ air and water from the plant at La Hague are 
carefully monitored. The French radiation protection authorities 
ha•Je established the following limits for water releases: 

8-radiation 
tritium 
a-radiation 

40 000 curies/year 
60 000 " 

90 " 

Water releases were measut·ed at B "" 32 000 curie$, tritium "' 
11 000 curies and a "" 13 curies for 1975. B releases we7e reduced 
in 1976 to 19 000 curies /4-25/. 

An extensive network of monitoring stations at La Hague measures 
atmospheric emissions (mainly krypton) and water releases and 
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analy&e8 the l_..ls.of radioeecive el...acs in the environaent. 
In 1975, 2 200 samples were taken. on vbic.h 6 800 analyses were 
perfon.d /4-26/. Samples are. take11 froa the, air, rainwater, 
stre81M• groundwater, plants, milk. seavatu;,.sand and sedi111ent• 
algae. crustaceans and fish. Samples are. ~ hot~ near the 
plane and farther away. ~ 

In summary it can be said that radioactivity releases from La 
Hague to the most highly exposed group of peopJ~ are P.Stimated at 
1 mrem/year from the cousumptior of fish and crustacean and 5 
mrema/ye~r from atmospheric emissions, mainly of krypton-85. 
Additional i~formation is provided in /4-26/. These values can be 
compared to the natural external radiation level at La Hague, 
which is 100 mrema, :a.nd internal radiation fr011 potassium-40 in 
the hUIIIIUI body, which is 25 mra. /4-21/. 

4.2 VITKIFJCAnON 

Methods for the infusion of the high-level waste in glass are 
currently being developed in a number of countries. At the French 
PIVER pilot plant in Harcoule, 15 tons of high-level glass of the 
borosilicate type have been produced. A batch process using ~ 
special furnace is employed. The material is evaporated, calcined 
and melted to glass in the same apparatus. The furnace which is 
used is made of inconel and is heated by means of induction /4-
27/. 

The waste solution is mixed with a weak nitric acid solution 
which is added to the furnace and which contains the vitrifying 
additives in the form of tiny particles. The temperature is in­
crea::ed at the rate of 100°C per hour up to 1 150°C, at which 
JiOint calcination takes place and vitrification begins. After 3-4 
hours, the molten glass is allowed to run down into P container 
of chromium-nickel steel /4-20/. 

An initial industrial prototype plant, A"VM (L'Atelier de Vitrifi­
cation de Marcoule} is based on previous experience from the 
PIVER plant and is currently being trial-operated with inactive 
material. The plant will be put into radioac:ive operation in 
edrly 1978 /4-28/. It will solidify the high-level waste from the 
reprocessing of relatively low-burnup fuel frOID gas-cooled reac­
tors and fuel from research reactors. The construction of a slnn­
lar plant for the solidification of waste from reprocessing of 
oxide fuel is also planned in La Hague. 

The AVM process is continuous. First, the high-level liquid is 
dried to a powder (calcinate} which is then fused with borosili­
cate glass in a furnace at about l 100°C. A homogeneous glass if 
formed, since the borosilicate glass mass dissolves all of the 
metallic oxides in the high-level waste. The glass is then cast 
in a chromium-nickel steel container. When the container is full, 
a lid is welded on so that it is hermetically sealed. 

There is an intermediate storage facility for high-level waste at 
Harcoule where 154 waste cylinders with a total activity of 5 
mi Ilion curies have been stored for the past 6-8 years. The stor­
age facility is located underground and is of concrete construc­
tion with vertical round holes in which the glass cylimfers are 
stacked on top of one another. A 1 1/2 11 thi~k concrete plug is 
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iMerted into each hole. There is no danger to persons above the 
storage facility. 

SOLUBILITY OF THE VITRIFIED WASTE 

~ dependence £! leac~ing ~ 

TI1e glass is made up of a netvork with a coherent, three-dimPn­
sional structure contai~ing silicon, boron and aluminium oxides. 
Other substances are then bound in ~his r.etvork. 

The substances incorporated in the glass are leached out in tvo 
different ways /4-1/. Elements integrated in the network are 
dissolved direc':ly' from the surface. This mechanism applies for 
example to silicon, boron, aluminium and plutoniu~. In the case 
of cesium and strontium, the elements are first replaced by hy­
drogen ions in the glass lattice. This results in a diffusion­
controlled leaching rate which diminishes with time. After a pe­
riod of a fev weeks or less, leaching of these ~lements as well 
will be determined by a direct dissolution of the surface /4-2/. 

The exact shape of the leaching curves depends on the structure 
of the silicic-acid-rich film which is formed in contact with the 
leaching solution. It has been found experimentally that even 
elements vhich initially exhibit great differences in leaching 
rate will have very similar leaching rates after a few months. 
This means that the leached q'uantities will be proportional to 
the levels of the various elements in the glass dissolved frnm 
the surface, and that the rate of sur(ace dissolut1on cdn b~ 
equated ~ith the leac~ing rate. 

In the case of laboratoD-fabricated French glass uf the light­
"-later. reactor tvpe which contains 201.: fission products, it 'las 
been found after about J months that the leaching rat~ per day is 
comlt~ ·. in tests vith high water flow rates. The leaching rates 
are th 1 about 2. lo-7 grams ptr cm2 and day at room temperature. 
This corresponds to a dissolution rate of J.lo-4 mm per year 
/4-3, 4-29/. Even lower values (down to 5. lo-ll grams per cm2 and 
day) have been obtained for strontium after 15 years in field 
tests with buried blocks of Canadian nepheline syenite glass 
I 4-4/. 

In order to calculate the leaching of a radioactive element. from 
a glass body, the leaching rate is first multiplifd by the ;;ur­
face available for leaching and then by the fraction which the 
radioactive element comprises ~f the glass. 

In the final repository, the vater flow around the encapsulatrd 
glass wlll be very 1.ow (see II:5). The leachir.g rate will ther~by 
be l~er than the rates determined at high rates of water flow 
/4-30/. This question ;s treated in greater repth in section 
H:6. 3. 

Variations in the composition of the leaching agent can affect 
its ;~ttack on tr.e glass. This applies especially to its content 
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of substances which can break up the Si-<J bonds in the r.etvork. 
Hydroxide and fluoride ions react in this ~~~o~nner I4-s_, 4-6/, 
which means that the pH of the water can be an ~<Jfhnt factor. 
The concentration of fluoride ions in most groundWaters is lav, 
and they have maximum effect at low pH values. Low pH values do 
not necessarily mean lav water flow rate, since the le~ching 
mechanism for glass generates a borate-silicate buffer with a pH 
of about 9. Bflntonite also st.1bilizes th.O pH value at this level. 

Le.J!=hing resistance can theoretically also be affected by the 
substances incorporated in the gla~s itself which, upon long-tera 
contact between a small quantity of leaching liquid and glass, 
can build up to hi~her concentrations in the liquid /4-7/. When 
glass of this type is used - as it vill be for the vitrification 
of ,radioactive waste • sodiu., boric acid and silicic acid con­
centrations of several hundred ppm may. build up. Sodium ions may, 
b:' rl!diffusion into the glass, reduce the corrosion rate some­
whAt. French exp~riments with salt »elutions and solutions con• 
taining fission products indicate that the effect of the disaolv­
ed substances on the leachina rate is slight /4-8/. 

Other substances in the leaching solution may at least temporad­
ly reduce the leaching rate by forming a protective film of e.g. 
carbonates or sulphates on the surface under stationary condi­
tions. At the pH which can be expected to prevail in the ground­
water, precipitation reactions will also take place in the li­
quid, for exa~le of carbonates, as well as the complex;ng of 
uranium and plutonium, which affects the further transport of 
these elements. An important factor in this respect ill the hydro­
gen carbonate concentration. Chlorid~ • ..mi~h ..,iays an important 
role in the corrosion of metallic materials, does not influence 
the corrosion of French glass. This has been shown both by the 
fact that it does not affect the mechanism of glass leaching and 
by the aforementioned French experiments. 

It can be added that English experiments have found leaching 
rates which .ue lQ-30 times higher for ion-free water than for 
nAtural water /4-9/. But io•~{ree water has never been encounter­
ed and cannot exist in the Swedish bedrork. 

Influencp .2! P.!! 2!! res is tllnce .!2 .!.!!china 

Experiments have been condu~ted at Marcoule in France /4-8/ vitn 
gla&s cor,,aining radioactive fission ~roducts in order to study 
the influence of the pH on the leaching rates, especially for 
cesiu~l37 and strontium-90. 

The experiments, which were condu~ted on a French glass, showed 
that the leaching resistance of the glass did not change within 
the pit interval 4-ll. At pH 3, the leachin~ rate vas 10 tiTIM!s u 
great, and at pH 14 it vas 20 times as great as at pH /4-11/. 
These results i~dicate that glass with incorporuted fission pro• 
ducts is considerably less pH-sensitive with respect to the 
leaching rate than ordinary soda glass. This is especially true 
within the al~dline range, where a substantial increase in the 
leaching rate is noted for ordinary glass at pH 9-10. Resistance 
to a~id, however, is poor according to information from Euroche­
mic and Marcoule. However, pH values be1ow 4 a•e extre~ly im-
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probable under the conditions vhich prevail around the glau body 
in final storage. 

In order to confirm the resistance of the boros'ilicate glass to 
moderately alkaline solutions, measurements are being carried out 
~t Studsvik of the leaching at 70°C of an inactive borosilicate 
glasz at pH 10.5 and 8.5. TI1is glass has a chemical composition 
which is the same as the glass which is to be used for fin~l 
stora&e, i.e. with about 9% fission products. Results obtained to 
dale indicate a doubling of the leaching rate at pH 10.5 in 
comparison with pH 8.5. The ledching rate at pH 8.5 is comparable 
to that for radioactive French glass. 

Among the prerequi~ites which must be fulfilled by potential 
sites for a final repository for high-level waste in Sweden is 
the condition that the storage site must have a very low ground­
water flow (on the order of a fev decilitres per m2 and year). 
This means that only a relatively small quantity of water vill 
come into contact vith a large area of glass. Since the Mechanism 
for the reaction between glass and water leads to the release of 
alkali, one would expec~ the pH to rise. 

However, measurements at Studsvik performed on a borosilicate 
glass containing inactive simulated fis~ion products show that 
the pH remains below 9.3 at 70°C. 1l1e original pH of the leaching 
agent vas thereby 8.5. In another experiment, in which ground­
water vas in contact vith pulverized glass containing simulated 
fission products at room temperature tor about 9 months, a pH of 
about 8 vas measured. In this experiment, the ratio between the 
glass surface area and the leaching volume vas fairly similar to 
the ratio for the glass bodies at low water flow. One reason \Jhy 
a greater pH increas~ is not obtained is that the ~lass contains 
boron oxide, which neutralizes dissolved alkali \Jhen it goes into 
solution and stabilizes the pH via a buffer system of ~orates. 

The larg~ quantity of filler material which surrounds the waste 
also has a similar stabilizing effect on the pH value, keeping it 
be tween 8 and 9. 

tnfluenc~.of temperature 

All experience from leaching tests vith glass of varying composi­
tion shows that the leaching rate and thereby the rate of attack 
on the glass increases sharply vith the temperature. This is an 
important p.uameter, since the vaste vi 11 heat the surrounding 
bedrock. Measurements have been made at Marcoule of the increase 
of the leaching rate for cesium and strontium, whereby it vas 
found that the leaching rate is about 4 times·greater at 50°C, 10 
times greater at 70°C /4-11/ and 35 times greater at 100°C than 
at 25\)C. tnterpolatir·n gives 3 times greater le11ching rate at 
40°C than at room t~mperature. 

Trials are being conducted at Studsvik at room temperature and at 
60°C. 

The temperature conditions in the final repository are illustrat­
~d in Fig. 4-2. Naturally, leaching cannot b~gin until the canis­
ter and the chromium-nickel cylinder have been penett"ated. 

-
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Tests vere begun in July of 1977 with the leaching of French 
glass containing high-level fission products. In arldition to 
gaining ex\)t!rience in the testing of radioactive glass, these 
tests are aimed at exploring the effects of the conditions vhich 
can be expected to prevail in a final repository in the Swedish 
bedrock. n.e variables vhich are of greatest interest in this 
respect are temperature, pH and groundwater compJsition. The r~­
dioactive glasses containing vaste from light-water fuel vhich 
are nov being leached contain 20% fission product oxiaes in com­
parison vith the approximately 9% vhich are planned for the final 
storage of reproces8ed Swedish vaste. 

The active glass is leached in an apparatus vhich is similar to 
the one us~d in France /4-8/. An initial stage of dynamic leach­
ing is followed by a stage of static leaching (at higher tempera­
ture). 

The composition of the leaching agent vas as !ollavs (pH 8.5): 

HCO- - 300 mg/1 
3 

27 mg/l 

so2
- - 9 rwg/1 4 

F 1,5 111811 

Na+ - 12S mg/1 

2+ 
Ca - f. mg/1 

+ 
- .2 mg/1 K 

2+ 
Hg - 3 mg/1 

SiO -2 
8 mg/1 

-.I 
I 
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Of the 1l•••e• which were leached, ~~ were of typea which ar' 
being considered for the solidification of ligl\t-~ter reactor 
waste, bu: in this case vi th approximately 20: fission products. 
Radioactivity was about 1 000 Ci, which means th"at most of the 
fission product content consisted of simulated f1ssion products. 
Another cylinder cont~ined light-water reactor glass with si~­
la:ed fiuion products .and approximately 3% plutonium dioxide. 

The leaching solutions from the glasses containing radioactive 
fission product~ were meascred with respect to strontium-90 and 
cesium-137. The leaching solutions from the plutonium-bearirg 
glass w"!re measured with respect to;, plutonium :tnd, in sc:!'.l! 
cases, americium. It should be noted in this connection that nor­
mal glass containing fission products only contains ~bout 0.02% 
plutonium. It was necessary to boost the content by a factor of 
more than 100 so that the plutonium could be analyzed in the 
leaching solution. 

-7 . 2 The French ~lasses give leaching rates of 2.10 g per em and 
day after about 100 days at room temperature. The value for the 
plutonium glasses is roughly the same. 

Results obtain~d to date at Studsvik for str~ntium and cesium 
show leaching rates at 25°C of 6.lo-7 and 2.10-6 g per cm2 and 
day after 40 days. 

The leaching rates for strontium and cesium declined during the 
test period, which lasted for 40 days. If the elq)eriment had been 
extended to 100 davs, it is estimated that the leaching rates 
would have approached the same value which wasobtained at Har­
coule, namely 2.1o-7 g per cm2 ~nd day. In order to permit the 
measurement of leaching rates at higher temperatures, the tempe­
rature was increased after 40 days to 60°C. 11-.e first values at 
60°C show that the le~ching rate increased by a factor of 10 
/4-12/. . 

The leaching rate for plutonium at 25°C has been measured at 
Studsvik to be abont 3.10-7 g per CT:l2 and day after 30 days. The 
first valt:es hom 60°C shew that the change of the leo1ching rate 
with tem?erature is less than in the case cf strontium and cesium 
I 4-12/. 

When evaluating the results ot the te~ts at Studsvik, it is im­
portant to note that they were condu=ted with approximately 20% 
fi1~ion products in glasses containing 42.9 and 46.0% Si02, re­
spe,·tively. ln their reprocessing co:'ltract 'With COGt:MA, Sl<BF has 
ch~~en a glass with only abnut 9% fission oroducts, which means 
that the S~J2 content will be more than SO%. TI1e glass •ill 
therefore have a lOWE:r leachi:'!g rate for fission produc::s and ac­
tinides /4-18/. 

4.4 DURABitm• OF mE WASTE GLASS 

4. 4. l Genera 1 ~ .&!.!!:!. .: 2.!:! amorphous materia 1 

Glass possesses a ce~tain amount of fluidity. This property is 
valuable for withstanding the stresses 'Whicn arise over a long 
period of storagE'. Certain observations co;,fi rm this: 
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Energy accUIIIUlation due to ionizina radiatioti is lav and re­
lease does not take place instantaneoualy. Dilflixations can 
be absorbed by the "plastic" glass structui'c-'bet.ter than by 
crystalline materials~ 

Heliu. formation in glass cauaed ~/ alpha radiation over a 
long period of time does not lead to embrittlement. The un­
ordered glass structure contains voids which can absorb 
large quantities of gases in the. dissolved state. These 
gases can diffuse more readily through the glassy structure. 

c) Electron irradiation over Ions periods of time does not pro­
duce any demonstuble effects, but the same energy doH in a 
short period of time sometime~ leads to the formation of 
small bubbles. The glass structure haa a certain "selfheal­
ing" capacity. 

Glass seems to have a good capacity to dissolve the highly vari­
able mixture of radionuclides contained in the waste. There are a 
total of about 40 different elements in the waste, and aA time 
passes, many of the~e e.ements are transformed into new elements 
by radioactive decay, which means different-sized atoms and new 
chemiral properties. An unordered structure can more easily ab­
sorb these changes than an ordered crystal structure /4-18/, 

Resi!ltance .2! French borolli li::ate glass !.2 radiation 

Radiation damage may be caused by gamma, beta, alpha and neutron 
radi~~ion. Alpha radiation, which consists of the heaviest par­
ticles and is quickly retarded in the glass, is considered to 
present the greatest risk for radiation damage, 

Ga11111a radiation could only damage tha glass structure indinctly 
by the formation of secondary electrons. Possible damage by gamma 
radiation is therefore covered by experiments with beta radiation 
/4-33/. 

Beta radiation 

In order to study the effect of internal beta radiation in high• 
level glass, specimens have been irradiated in French laborato­
ries at Saclay /4-11, 4-13, 4-14/, 

The beta dose for waste glass containing 9% fission products at 
various periods of time after vitrification is shown below 
(vitrification 10 years after discharge of spent fuel from reac• 
tor). 

Years after vitrification Rads 

1 
10 
30 

100 
300 
500 

5.8 • 
5.2 
1. 2 • 
2.2 
2. 4 • 
2.4 

• 
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The additional increment o( beta radiation afte~ 500 years is ve­
ry slight. 

In the French tests, irradiation lasted 12 days :itn a total ciose 
of 1.2 • toll rads. Such accelerated radiation tests are thought 
to place a heavier l~ad on the glass specimen than tests at nor­
mal dose rates, since the glass structure has less time tJ adjust 
to any structural changes. 

~~en the irradiated glass specimens were compared with unirradi­
ated specimens, it was found: 

that no accumulation of energy (Wigner effe~t) ,could be de­
monstrated> 
that the leaching rate for cesium-1J7 and strontium-90 h3d 
not changed due to irradiation; 
that structural ecamination by means of X-ray diffraction 
did not reveal any crystallization due to irradiation. Exa­
minations by means of infrared spectrometry and scanning 
electron microscopy did not. reveal any structural changes 
either. 

British experiments /4-33/ with beta ~adiation in high-voltage 
electron microscopes showed that borosilicate gla~s was not 
affected by a beta radiation dose which was 100 times higher than 
the expected total dose to the glass. The tests were conducted at 
room tem~erature. 

Alpha radiation 

The greatest risk for ~adiation damage can be expected from alpha 
radiation /4-11, 4-13/. In order to examine the ~ffects of such 
r~diation, glass specimens were prepared which contained alpha 
emitters ~ich emit a dose corresponding to storage for l 000 
years in a period of only 1-2 years. Actinide levels are then 
~bout 100 times higher than in normal waste glass. rossible 
effects includt formation of helium, accumulation of energy, 
structural changes, changes of leaching values and changes of 
mechanical properties. 

Germ.an experiments /4-34/ involving doping the glass w-.:.th curium 
isotope& show that no significant change can be expected in the 
vroperties of borosilicata glass even after storage for 10 000 
years. 

Table 4-1 shows the load to which waste glass conta1n1ng 97. 
fission products is subjected by alpha radiation when the spent 
fuel has been reprocessed 10 years after discharge from the reac­
tor. This late reprocessing leads to a high level of americium· 
241 in the glass. If ~he fuel is inst~ad reprocessed 3 years af­
ter discharge from the reactor and the high-level liquid is vit­
rified 10 years after discharge, all of the figures in tre table 
can be divided by a factor of approximately 2.5. 

-····----
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Tote .. 1. AI •h4 radiation for ~c• 1laaa contain• 91 fia1ion erodarca. 

o. 5l of Pu to the v .. te. llettrcKe .. ina 10 yean •Iter dbchar.-
froat reactoir. ' .. -

~hna!Mr of Number of Ntaber of N.-.r of Deve I oped O..el o,.H He 
years after alpha nar- alpha par- rada energy _,,_ 
<lischarge tirlt"l ~r t ir lea !W' kWh/1 ., ... , 
fr0111 reactor cy·l inder g Rlan I! I••• rylinder 

'JO 6.9 • to22 1.76.1017 }.4 .1010' IO'J 6.5 0.119 

100 2.1· .to2l '·" .1017 4.4 • 1010 'JI7 20 0.341 

300 4.8 .to23 1.2'1. to 18 9.7 .1010 69, 46 o. 791 

000 9. 6 . to23 2.5 • 1018 2.0 .1011 417 92 1.60 

l 000 1. 24. 1024 1.2 .1018 2.S . 10 11 806 120 2.06 

\0 000 I. 42. 1024 J.6 .1018 2.9 .to11 2 081 140 2.~6 

JO 000 1. 68. ui4 4,) .lOIS ).4 .to11 2 444 160 2.79 

100 000 z. '1.10
24 5.4 .1018 4.1 • 1011 l Ill 200 1.51) 

.JOO 000 2.77.1024 
1. I .1018 5.6 .1011 4 056 260 4.60 

000 000 5. 71. to24 1. 46. 1019 1.18.10 1 ~ 8 .528 540 9.48 

1 1)00 000 1.11. ton ),!) . 1019 2.4 • 1012 17 220 100 19.4 

10 000 000 i. 76. 1025 4.5 . 1019 1.6 .1012 26 110 100 29.2 

The following specimens. were fabricated in order to simulate 
these effects: 

Americ:iu.~241 
30% plut,Jnium-238 
Curiura-244 

Weight. of 
actinide 

50 8 
50 8 
0,6 8 

Weight of 
glass block 

2 000 8 
2 000 8 

50 8 

Energy kWh per 
litre a.nd year 

70 
100 
810 

Virtually all of the developed energy is dissipated in the fo~ 
of heat. A smaller quantity of •nergy is accumulated in the 
glass. This 1uanrity ha~ been measur.d to be about 40 joules per 
gram glass aft•r one year of storage with a high actinide l~vel. 
This energy is released gradually in connection with heating. So 
there is no sudden, rapid release of energy resulting in a r&pid 
rise in te.perature. 

HeliUIII formation 

The tests with americium and plutonium have nov been in progress 
for 597 and 525 days, respectively. Calculations show that 5 
(5.2i mmJ of He have been formed per gram glass. The test with 
curium has not yet been completed. It is estimate~ that 50 mm3 of 
He per g glass have already been formed in this t•!st. 

The unordered structure of the glass can dissolve h~lium, but if 
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the quantity becon.cs too great. there is a ri£:, that tiny bubble• 
"·ill form and that .:he glass will become 110re britt}e• 

The results \lf the test with americium indieai:e'~ change of the 
mechanical properties of the glass after 597 days, while the sp~­
cimen with plutonium ~as difficult to ~asure in the first place. 
This is because a high level of plutonium results in phase sepa­
ration in the glass - a problem which is not encountered at nor­
mal plutonium levels in the waste glass. 

In order to ob:ain comparative data reg1rding the solubility of 
g~ses in glass. natural vulcanic glass which is ab~ut 400 000 
years old nas been analyzed. It contains 200 rrm3 of gas· per g 
glass (of which 70% H2) and was found not to b.e brittle. The en­
trained gas is evolved upon heating to 1 050°C /4-11/. 

Table 4-1 shows thar helium formAtion in tests on glass with a 
high actinide ccntent corresponds to relatively short storage pe­
riods for out waste glass. The curium test corresponds to a stor­
age period of abcut 300 years. The natural glass containing 
200 ~ He/g, however, corresponds to a storage period of 100 000 
years /4-32/. 

Helium which is formed inside the glass can either remain in 
place, in which case the amount of helium per g ~lass increases, 
or diffuse thro~gh the glass to the open space at the top of the 
~ylinder. The diffusion rate of helium increases with increasing 
temperature in the glass. British tests /4-33/ reveal significant 
helium diffusion at l70°C. Even if all the helium which is formed 
diffuses to the top of the cylinder, however, the gas pressure in 
the cylinder after 10 million years will only be about 30 ~tg, 
which is lower than the water pressure on the outside. 

Neutron radiation 
... ~. ·.or 

Neutron radiation in the g"iass originates p.rimar ~ ly from the· 
(~-n) reaction. ~e maximum estimated neutron emission rate is 
t<~Q neutrons per r .. i \lion _.l.pha partic1.e5. ~,pproximately 607. of 
th·~ neutrons have an energy of more th~u 1 MeV. The effects of 
neutron radiation are sli~ht in compari3on with alpha radiation 
I 4-32/. 

Mechanical properties 

When the glass has been cast into the chro.niunr-r:ickel steel cy­
linder, a lid is welded on, producing a hermetically sealed cunr 
tainer. When the cylinder is cooled, the steel will shrink more 
than the glass, which means that the glass wi 11 be subjected to 
compressive stress /4-16/. The glass is very resistant to such 
stress. Upon rapid cooling, cracks may form in the glass, resul­
ting in surface enlargement. The cylinder may be cooled in 
cvnnection with decontamination or lowering into a water pool. 
COGEMA has conducted experiments at Marcoule involving the ex­
tremely rapid cooling of inactive cylinders, after which the 
glass cyli:.ders ,;ere E·xamined. When ~he glass is cast, it becomes 
bonded to the chrnmiunrnickel steel surface, making it difficult 
to determine ,.hich. cracks formed due to cooling and which formed 
when the metal ~o·as pried loose. According to these tests, surf.1ce 
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enlar .... nt correspond• to a factor of about 2-10. If excessive 
aurface enlargement is euapected, the glass can be r..-lted in 
its ateel container by heatins to about 1 000°C .n4 &radual 
coolin& without thermal shock. 

Thermal stabilitt- crystallization 

47 

Host data on Frenct borosilicate glass concerns waste fr~ gas­
cooled reactors. Te.·ts have aho been conducted on borosilicate 
glass f~ light-vater reactors~ however. The r.omposition of such 
~lass is: 

Si02 50.60% 

Na2o 8.60% 

B203 14.00% 

NiO 1. 00% 

Fission products 25.80% 

Tnis glass has a melting temperature--of about 1 000°C. m1nuaum 
crystallization temperature 640°C and maximum crystallization 
temoerature 930°C. The maximum crystalli~ation rate is 0.01 ~m/ 
min~te at about 800°C. 

-'t the transfom.'ttion point (approx. 550°C), there is no risk of 
crystallization for borosilicate glass with approx. 50% silicon 
dioxide, even over a long period of storage. 

Since.no experience is available from the storage of borosilicate 
glass•for thousands of years, however, it was decided that it 
would be of interest to study which factors influence the rate of 
crystal growth and what would happen if crystallization should 
eventually occur over a· long period of time. 

The tests at Harcoule /4-11/ shov that crystallization tendency 
increases as the level of fission products increases and as the 
level of molybdenum increases. For glass vith 9% fission products 
and approx. 20% boron oxid4, crystallization tendency is lov. 

tn order to study the effects •f crystallization on borosilicate • 
glass, test blocks vere heated at Marcoule for one year at 5~0°C 
and 600°C as well as for 100 hours at 800°C /4-11/. Alter h~at 
treatment, the specimens remained intact and were not crar.ked. It 
is known that the size of the crystals in glass vhich has crys­
tallized at 800°C are relatively large. But if cryst~llization of 
th~ borosilicate glass wer~ to o~cur over a long period of time 
at a temperature belov 550 C, the crystals would be sm5ller. The 
risk of crackinR is then even less than for crystallization at 
800°C. 

Leaching tests we~e conducted on glass blocks which vere heat 
treated and thereby crystallized. 

The leaching rate for these specimens was compared with the 
leaching rate fot non-heat-tre.lted specimens. It was found that 
httat treatment increases the 1.-aching rate slightly fc.r certain 
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ele~~ents, such as cesiUII, vt.ile it reduces the leaching rate for 
other elements, such as strontium. The same tendencv vas noted in 
in3ctive Swedish tests /4-17/. The difference in .l:~~hing rate 
are small - on the order of 50%. The probable.e~lJnation is that 
upon crystallization, the glass forms a glass-ceramic material in 
which certain elements are bound more tightly in the crysta.ls, 
while other elements are concentrated at the b~undaries between 
the crystals and are thereby more easily leache~ cut. 

The conclusion is that: 

the risk of crystallization is low below 550°C; 
if '::r:,•st a Pi zation should neverthe \e~;s occur over a lonh pe­
riod of time, the glass vi 11 not cr11ck and changes in leach­
ing rates will be ~mall. 

At the Glass Research Institute in Va~jo /4-17/~ glass bodies 
have been fabricated of French type borosilicate glass containing 
~% inactive simulated fissi,m products. The composition of the 
~las~ is given in table 4-2. 

Table 4-2. The composi.tion of the tf'!tt )!;lass is: 

Consti­
tuent 

SiOl 

Na
2
o 

8203 

A 1
2

0
3 

uo
2 

Fe 2o
3 

cs
2
o 

5-MJ 

%. by 
weight 

53.0 

1]. 3 

19.4 

. 2. 1 

3.9 

1.3 

0.88 

0.26 

Consti­
tuent 

BaO 

Y
2
o3 

Zr02 

Ho0
3 

~no2 
CoO 

:-liO 

'Z by 
weight 

0.46 

0. 15 

1. 28 

1.63 

0. 77 

0. 21 

0.37 

0.011 

Consti­
tuent 

CJO 

SnO 

Sb
2
o

3 

Ceo2 

La
2
o

3 

Nd 2o3 

P:-20) 

z by 
weight 

0.026 

0.014 

0.0036 

0.75 

0. 71 

1. 21 

0. 35 

In order to study physical changes in connection with crygtalli­
zation, some of the glass bodie~ were heat-treated at 800 C for 
14 days, whereby a certain amount of crystallization oc~urred. 
The results shm~ that crystal! i.zation does not have any signi fi­
cant effect on strength, coefficient of expansion, transformation 
point, softening point or density. Nor do the speciments crack. 
In the case of cesium, the leaching rate after crystallization 
increased by about SO%, while the leaching rate for strontium de­
creased. 

~olybdate phase 

The fission products contain inactive molybdenum which, after 
calcination is present in the form of molybdenum oxide /4-17/. At 
a fission product level of 94 in the glass, the molybdenum level 
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is abouc 1.6% Mo03. When the glaas is .. tted together vith the 
fisaion products, it aay sa.ti•s happen that a phase consisting 
primarily of sodium molybdate separates f~ tne-glass. Under the 
most unfavourable circumstances, Bonniaud at M&reoule found that 
0.5% of the glass vould consist of a separate.11iolybdate phase 
/4-31/. This separation grobably takes place within fixed tempe­
rature interval (60Q-800 C, according to British findings), after 
which the phase redissolves in glass at higher temperatures. The 
molybdate phase consists mainly of inactive components, but may 
also incorporate some active strontiUIII and cesium. It might also 
possibly dissolve small quantities of actinides. The molybdate 
phase is soluble in vater, whereby the. constituent strontium and 
cesium vill also come out in the water~ 

The development work on high-level glass has thus far indicated 
the following methods for counteracting the formation of taolyb• 
d;~te phase: 

A lower level of fission products in the glass (low H003 ·content). 
A high boron oxide level reduces molybdate phase, accordinR 
to French experiments. 
Avoid contamination with sulphate - reduces molybdate phase, 
according to English experiments /4-19/. 

At ~arcoule it is esti~~ted that no more than 1% of the glass cy­
linders will contain molybdate phase. 

~ortant parameters!£!~ borosilicate glass 

The .following parameters characterize French borosilicate glass 
which is obtained in the vitrification of high-level waste 
/4-15/: 

0 -7 2 Leaching rate at 25 C: 2.10 grams·per em and day. 
Factor for increase of leaching rate at 70°C: 10 times. 
Increase of surface area in connection with handling and 
transport: 2-10 times. 
Transformation point (• temperature below which crystalliza­
tion does not take place): 550°C. 
Increase of leaching rate if crystallization occurs: 50%. 
Density: 2.8 R per cml. 
Thermal conductivity: 1.2 W per metre and de~ree Cetcius. 

The chemical c~osition of French waste glass from light-water 
reactors is: 

Si0
2 

Na2o 

s
2
o

3 

Al 2o3 

% by weight 

11. 7 

20.0 

2.2 

1.1 (from structural components o\ the fuel 
bundles) 

• 

• 

• 

• 

• 
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% by wight 

Accinide oxides 1.1 

Fission produces 9.0 •. 
A typical composicion of the actinide oxides is: 

% by weight 

uo2 0.8 

Np02 0.19 

Pu02 0.0074 .) 

A1112o3 0.14 

cm
2
o

3 
0.003 

•) COGEMA calculates that 0.15% of the plutoniUIII in spent fuel is 
retained in the waste glass at La Hague, which corresponds t~ a 
level of 0.0074% PuO~. The safety analysis, however, has assurued 
a Pu02 level in the glass which corresponds to 0.5% of the level 
in the spent fuel. 

Typical contents of the most imlXJrtant fission products are: 

i. by weight hby weight 

Mo03 1.63 Pr
2
o

3 0.40 

Nd 203 1. 21 Pd0 0.40 

Zr02 1.15 Rb
2
0 0.27 

Ce0
2 0.66 Tc 2o3 

0.27 

Ru02 0.61 sm
2
o

3
+Eu

2
o

3 
0.27 

BaO 0.55 Y203 0.18 

Cs
2
o 0.54 Rh

2
o

3 
0.18 

Gd
2
o

3 
0.54 SrO 0.14 

The distribution of the fission prnducts varies with the degrel:! 
of burnup of the spent fuel and the time after dischar~<'· 
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Tbe steel c:ylindeT in whieb the wste slass is eat is .. de of a 
heat-rwsistant stainless steel (type Z 15 CN 24-12: chrmaiu. 24%, 
nickel 12-ll%, carbon 0. 15%). The c:ylindu is ,:'illustrated in Fis. 
4-3. Its di.-,lsiona and weight are given "1~:'', 

Diameter 
Overall hei&ht 
Thickness, stainlesa steel 

Glass volw. 
Glass weight 
Total weight, a,prox. 

,, 
~.' 

...... ' ..... · 

' 
I 
I I 

L 
l 
1 

l 
; 

400-
1 soo-

--.;;·· 

3 ... cylinder shell 
4 ma, cylinder ends 

150 litres 
420 k1 
470 ks 

()_:--·-
r,.. 4-1. Mlsn cyllndt!r. 17tt .Wtri/fal _,. is CfiJI ill • COli,._,_. of ~icUI 
llftL 17tt COli,._ is ...-1 witlt • ~lid. 17tt («t ~I* t1w _. eyliltdfn 10 w 
llfldcld Ofl "'ff of e«1t otlar. 
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5 INTERMEDIATE STORAGE AND ENCAPSULATION 

5.1 GENERAL 

An intet"~Mdiate stouge fadlity and an encapsulation station foP 
the waste cylinders fro• the reorocessing ~lant will be con­
structed adjacent to the final repository. (Possibilities for al• 
ternative siting of these facilities are discussed in chapter 
1:11). 

The waste cylinders will be stored for 30 years in the intPrmedi• 
ate stora~e facility (this stora~e period can be extended). The 
purpose of intermediat• storage is: 

to reduce heat flux from the waste in the final repository. 
During a Jo-year period, heat flux decreases from approx. 
1 200 W to anprox. 525 W ner waste cylinder /5-l/ 
to postpcne the encansulation of the waste and the construc• 
tion of the final re~o9itory. This provides time for further 
develooment and ootim1za.:ion of the encapsulation nrocedure 
and the design of the fi.nal repository. 

Before the waste cylinders are nlaced in the intermediate storage 
facility, they nass throup,h a receiving section, where they are 
unloaded from the transport cask in which they arrive at the fa­
cility and where the inside of the transport cask is checked and, 
if n-cessary, decontaminate~. 

When the waste cylinders are to be transferred to the final re~ 
sitory after the end of the storage period,. they nass through ar. 
encapsulation station, where they are encased in a lead-tit3niu. 
canister. The putnose of this canister is to orovide long-ten. 
resistance to corrosion and radiation shielding. The radiation 
shielding reduces radiolysis of the groundwater in the final re­
pository to a negligible level and also ~imolifies handling. 

Th• plant thus has three main sections: rece1v1n~. intermediate 
storage and encapsulation. Most of the facility is located und~r­
Jiround to proviJe protection against externAl forces (acts of war 
and aabotage). The facility can store 6 000 waste cylinders and 
rP.ceive and encaosulate 3'J0 per year. The design of the facility 
is based on existing te~hr.~logy. The intermcwiate stura~e facili• 
ty is similar to the storage facility for vitrified waste which 
is currently in ooeration at Marcoule in France. The Marcoule fa­
cility was designed by the French c~any Saint r~bain Techniques 
Nouvelles, which has also been engaged by KBS for this nroject 
/S-2/. 
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For a mar~ detailed Jescri?tion of the facility, see the dr3Vin~s 
at the end of this chapter. 

DESCRIPTION OF FACILITY 

The layout of the plant is illustrated by Fig. S-1, which also 
shows ·its location in rdation t~ the final nopository. 

The su\·face installation!' col'lsist primarily of an entrance build­
ing with administration anJ service premises, This b•Jilding is of 
conventional d£sign and is not described further in this report. 
The other parts of the facility are located unclerground with a 
rock cowr aonroxi~~~ately JO metres thick. 

The under~roun~ part of the facility consists of two rock ~alle­
ries laid out in the form of a T with receotion and encapsulation 
in a line and with intermed~ate storage peroendicuiar to them. 
The two rock galleries are seoarated ft,m each other (.::o11111Unica­
tio'l is provided through two smaller tunn!ls) in order to avoid 
large spans at the noint of intersection. The rock galleries have 
a maximum snan of 20 metres and a hei~ht of JO metres, which is 
not exceptional comoared til existing rock cavern facilities in 
Sweden and in other count .. ie!>. Th:! rock galleries are sr:abilized 
by means of conventional c~n~truction methods. 

The underground nart of the facility can be entered via a tur.nel, 
through which the transoort cask with the waste cylinder arrives 
on its trailer, or via a vertical shaft for nersonnel etc. Con­
nection with the final renository is orovided throu~h a horizont­
al tunnel from the encapsulation section to a V\!.,.tical shaft 
which leads down to the final re~ository. 

See I:l4 for the schedule for the construction of the facility. 

Reception 

The waste ~ylinders from the reorocessing olant arrive at the fa­
c c lity in a transoort cask on a trailer (see chapter 2). The cy­
Linders have a diameter of 40 em, a height of 150 em and a volume 
of 150 litres. An NTL 12 transport cask can hold lS waste cylin­
ders. 

After external washing in the arrival hall, the transport cask is 
lifted from the trailer through an air---rock into the receiving 
room (see Fig. 5-2), whe:e it is nlaced on a ~agon i~ a vertical 
position. The radioactivity of the air which is blown throu~h the 
cask is monitored to check whether ~he cask is internally conta­
minated. The bolts which retain the cover are r~moved, and the 
c:Isk is moved to a oosition underneath the unloadin~ cell and 
connected to an ooening in the floor of th~ cell. When all ~lass 
cylinders have been lifted out of the tr3nsport cask into the un­
loading cell, the cask is flushed with water if the monitoring 
indicated that its inside was contaminated. The t~ansport cask 
can then ~e ret11rned teo the reprocesl'ling olant. 
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The cylinders are unloaded fra. the trans~rt cask ift the unload• 
ins cell. This cell is enclosed in concrete of suffi~ient.thick• 
nesito""provide radiation shielding for the.,rtetsonnel. The cell 
has four handling stations, each equipped with a radiation­
shieldeJ window and a pair of master--slave telemanipulatora so 
that work in the cell can be done froa the outside.· 

Materials are moved inside the cell by .eans of a re~te-con­
trolled overhead crane with a lifting capacity of 8 tons. When ic 
is not being used or when ic requires .aintenance, the crane is 
moved to an intervention cell through an opening which can be 
closed by a radiation-shielded didin~ door. 

The waste cylinders are brought into the unlo3ding cell thTCugh 
an C'pening in the floor which. is connected to the transport cask 
in the receiving rryom. The opening is closed by means of a radi­
ation-shielded sliding doo~ when it is not being used. 

When the tr·.ansnort cask has been :onnected, its r 'Wr is removed 
by the overhead crane and olaced in a sealed box in order to nre­
vent spread of any contamination. 

The wasta cylinders are lifted out of the transnort cask and­
placed in a te~orary storage in the cell by the overhead crane, 
which is equi~ped with a special grapple. 

When a waste cylinder is to be transferred to the intermediate 
storage section, it is placed by the crane in a oosition under­
neath an o"ening in the roof of the cell. This opening is cover~d 
by a ndiation-shielded sliding door when ;.t is not bein~ used. 

If the inside of the transport cask has be•!ft fc-:J:td to be contami­
nated, all waste cylinders from such a cask are assumed to be 
contaminated and are taken to the recanning £!!!, where they are 
encased in an outer container similar to the one wi:h which they 
were provided in the reprocessing nlant in order to prevent con• 
tamination of the intermediate storage section. 

The recanning cell has two handling stations, each equipped with 
a radiation-shielded window and a pair of master--slave telemani­
pulators. It is connected to the unloading cell through two ooen­
ings in the roof, one to lower the waste cylinders into the cell 
and one to lift them out. The openings can be sealed by concrete 
plugs. 

A radiation-shielded arrangement makes i:: ttossible to bring ~ty 
outer containers and their lius into the cell fpom the mai~te­
nance cell. Thev are placed on a c•rousel which brings them into 
a position wher~ they can receive a waste cylinder as it is 
lowered f~~ the unloading cell throug~ the opening in the roof. 
In the T'ext position, the lid is J)laccd on the filled outer 
container and welded in place. It is then waved into a position· 
underneath the secoT'd ooening and lifted uo into the unloadinR 
cell by the overhead c~ane. 

In the unloadin~ eell, the outer containers are decontaminated 
externally by washing with water under high pressure. Ttey are 
then moved by the overhead crane into a position underneath the 
o'ening in the roof of the cell for transfer to the intermediate 
storage system. 
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Intern..diate storage 

The waste cylinder~ are transferred to the intermediate storage 
section inside a radiation-shielded transfer cask, 

The transfer cask is enclosed in a lead j-acket :l5 11111 thick which' 
is lined on the inside with stainless steel and covered on the 
outside with a 20 em thick layer of polyethylene. These layers 
!Jrovide adequate radiation protection for the operating ner­
sonnel. The transfer cdsk has its own ventilation sy~tem with a 
fan And filters at the air intak~ a~d outlet. When a waste cy­
linder is inside the transfer cask, the ventilation system is 
used for cooling (when required) and.to check whether the outside 
of the waste cylinder is contaminated by monitoring of the 
radioactivity of the filter at the air outlet • 

The transf~r cask is nositioned over the opening in the roof of 
the unloading cell, which is covered by a radiation-shielded 
sliding door. There is a similar door in the bottom of th~ trans­
fer cask, and both doors are opP.ned simultaneously. The waste cy­
linder, ;.;hich is !JOSition<!d underneath the openinp, in the ur.load­
ing cell, is 'then lifted into the transfer cask by the hoist with 
which the cask is equipped. When the waste cylinJ~r is ins.de the 
cask, both sliding doors are closed and the transfer cask is 
taken to the intermediate storage hall by a ~ortal crane on rails 
to a position where it can be reached by the overhead crane in 
the intermediate storage hall, 

In the ~ntermediate storage section, the waste cyllnd•,rs are 
stored i:.n steel oits inside a steel frame in a concrr,te trench 
(see Fig. 5-3). Each trench contains 150 steel nits spaced at 
centre-to-centre intervals of just under 1 metre ar.d each with 
r~om for 10 waste ~ylinders stacked on top of one another. Each 
trench thus h::dds 1 500 waste cylinders. The intermediate storage 
section has four trenches in two groups with room for ventilation 
equipment berween the ~rouns. Each group has its own_ ventilation 
system. The total storage capacity of the facility is thus 6 000 
waste cylinders. 

The storage trenches are covered by a concrete slab which is 
thick enough to provide radiation protection for the intermediate 
~tora~ hall above it. Furthermore, the air oressure in the hall 
is maintained at a higher level than that in the trenches, so air 
from the trenches cannot enter into the hall. Above each storage 
pit, the concrete slab has a hole which is sealed with a remov­
able concrete plug. 

The waste cylinders are cooled by the circulation of air through 
the storage pits by the ventilation systems in the intermediate 
stot:>age section. The ventilation systems conrm.micate with the at­
rr.c..spher;: through ventilation shafts and stacks on the surface 
(see also under 5.2.5). , 

When a waste cylinder is to be deposited into a storage nit, a 
mobile radiation-shielded sliding door and a nlug removal cask 
are positioned above the ~it. After the nlug has b~en lifted into 
the cask, the sliding door is clos_d and the cask with the olug 
is lifted away. The transfer cask containing the waste cylinder 
is then positioned on top of the sliding door, which is opened at 
the same time as the transf~r cask door. The waste cylinder is 
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then lowered ir~to the storage pit by means of the hoist in the 
cask. The doors are then closed, the transfer cask is removed and 
the plug is replaced by the reverse of the procedure which was · 
used to remove it. All handling is done by the overhead crane in 
the intermediate storage hall, which has a lifting capacity of 35 
tons. 

Encapsulation 

When the waste cylinders are to be transferred to the final repo­
sitory after 30 years (or more) in intermediate storage, they are 
moved to the encapsulation cell by means of a orocedure which is 
the reverse of that which was used when they were transferred 
from the unloading cell to the intermediate storage section. 

Like other cells, the encapsulation~ is enclosed in concret~ 
of sufficient thickness to provide radiation protection for the 
operating personnel. 

The cell has five handling stations, each with a radiation­
shielded window and a pair of master-slave telemanioulltors (see 
Fig. 5-4) .. 

Inside the cell, materi41 is moved by means of a remote-controll­
ed overhead crane with a lifting caoaci~y of 8 tons. When it is 
not being used or when 1~ requires maintenance, the crane is 
moved to the intervention cell through an opening which can be 
closed by means of a radiation-shielded door. 

The waste cylinder is brought into the cell from the trcnsport 
cask through an ooening in the roof of the cell (which is closed 
by means of a radiation-shielded sliding door when it is not 
being used) and is placed on a wagon which serves the five hand­
ling stations. 

At the first station, a prefabricated part of a lead-titanium ca­
nister is placed over the waste cylinder. This oart of the canis­
ter (which is fabricated outside of the facility) is brought into 
the cell through an ooening in the roof. Tile opening is sealed by 
a concrete plug when it is not being used. 

At the second station, the canister is turned over so that the 
waste cylinder is uoside-down and molten lead is poured into the 
canister, filling the space between the prefabricated part and 
the waste cylinder as well as the space above th.e waste cylinder. 
The lead is brought into the cell from a furnace situated in a 
room above the cell. 

At the third station, the surface of the lead which was oured at 
the preceding station is machined (following cooling) in order to 
facilitate the attachment of a titanium lid. 

At the fourth station, a titanium lid is nlaced on th4 canister 
by means of a remote-controlled handling device and is welded to 
the titanium shell of the prefabriLated part by a~ automatic wel­
ding machine. After welding is finished, the canister is turned 
to the upright position again. 

At the fifth station, the canister is rotated so that the lid 
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weld passes before an x-ray transmitter, which exposes • film in 
a device ~hich pe~its film to be changed fro. the outside of the 
cell. The ~anister is then placed in a box in which its tightness 
is checked oy means of helium under vacu\DD. 

The finished conister (see Fig. 5-S) is then placed in nosition 
underneath an opening in the roof of the cell and is ready to be 
taken to the fin a 1 reoosi tory. 

The prefabricated part of the canister is fabricated usin~ a lead 
casting technique which is also used in the fabrication of trans­
port casks. 

An alternative method of fabrication is extrusion, which is used 
in cable manufacture /5-3/. In this technique, a lead cover is 
joined to the prefabricated part by means of Dressing in the 
cell, whereby a homogeneous lead container is obtained. In this 
version as well. the Drefabricated part has a titanium shell and 
a titanium lid is welded on, after which the canister is checked 

'--+--tr--- r~tM>ium lid 
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aa described abo9e. tn thia .. thod, lead ia not caat in the cell. 
Tbe final choice of fabrication -thod will be ...Se on the basis 
of a technical-ec~a.ical evaluation. 

Auxi 1 iarx !I!~ 

The facility will contain sytt ... for decontamination of trans­
port casks and waste cylinders, for floor and ~roundwater dr¥in­
age etc. These systems are similar to the ones in a nuclear nower 
station. "Own" lOV"' and mediUII'"actiw wa•te (water, filters. so­
lid waste etc.) will be collected and sent to nlants which are 
equipped to receive and treat such .. terial. 

Diesel-powered generators will s~ply auxiliary nower to vital 
systems (ventilation, draiage etc.) in the event of an external 
power failure. In ~he event of malfunctions of numps f~r the 
groundwater drai.:1ge systeua, the water vi 11 be collected in a 
basin with enough canacity to prevent the facility from· being 
flooded, even in the event of an extended oower failure. 

A casrade of oressure differentials will be maintained by the 
vent~lation system in the underground part of the facility in 
accordance with the potential risk of contamination in the vari~ 
ous areas. The intake air will be filtered and conditioned to 
provide pleasant working conditions. 

Air for the unloading 'cell and the encapsulation cell will be 
supplied by means of a screw device equipped with a da!IIDer and 
non-return valve in such a manner as to'prevent positive oressure 
in the cell. 

The ventilation system for the intermediate stora~~:e section is 
desigr:ed to maintain ne~ative ~ressure in the storage trenches. 
It has a capacity of 150 000 m /h for each groul) of r:wo trenches. 
The air enters through a low pressure chamber on the surface and 
passes through a bank of filters before entering th.t storage 
trenches. 

All exhaust ventilation air from the underground aart of the fa­
cility passes through absolute filters with an efficiency of 
99.99% before it is released into the atmosphere. (It is nossible 
that modification, in the design of the facility will eliminate 
the necessity of such filters in parts of the ventilation sys­
tem.) 

Air is circulated in the storage trenches by two fans, with a 
third fan in reser:ve. These three fans are located in a room ne"t 
to the st~rage trenches. A fourth fan, with the same caoacity but 
located on the surface for better accessibility in emergency si~ 
tuations, nrovides additional reserve capacity. 

If only one fan is in oJ)eration, 65% of the. air flow l)rovided by 
two fans can be maintained. In rhe event of a failure of all 
fans. a bypass line with an automatic damper nermits air to cir­
culate with natural convection without llllssinR through the filter 
systems. 

Jn normal ooeration, the temoerature of ~he exhaust air will be 
80°C /S-2/ when the temperature of the sun~ly air is 20° and when 
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the total heat prOduced by the waste cylinders is maximPl (3 000 
kW). With only one fan in operation, this temperature increases 
to 112°C after 40 hours. If all fans are out of operation and th~ 
storage section is being cooled by natural air convection alone, 
the temperature of the exhaust air will be 336°C after 40 hours. 
The surface temperature of the hottest cylinder will only be a 
few degrees higher than the temperature of the exhaust air and 
the centre temperature of the giass will only be ZQ-30° higher 
than the surface temperature. Singe the glass does not crys­
tallize at temperatures below 550 C (see chap~er 4), the waste 
cylinders will not be damaged even if all fans are out of opera­
tion. 

The facilit1 has been designed in such a manner that the hot 3ir 
will not' cause any damage to building structures and installa­
tions. To this end, the stora&e trenches and ventilation ducts 
are lined with steel sheet with an air space berween the sheet 
and the concrete. 

5.3 CHARACTERISTICS OF ENCAPSULATION MATERIAL 

5. 3.1 

5.3.2 

General 

In the final re~ository, the waste canisters are subjected to the 
actior. of the groundwat~r in the rock. The encapsulati~n m~terial 
should therefore Possess good resistan~e to such action. 

The waste glass exhibits a very low leaching rate in water (see 
chapter 4), providing an essential barrier against the esca?e and 
dispersal of the radioactive suostances. But the solubility of 
the glass increases with the temperature, so the glass should not 
come into conta<;t with the groundwater during the period when its 
temperature is high due to the heat 5enerated by the waste. An 
additional barrier against the escape of radioactive substances 
to th~ biosphere should also be provided d~ring the period when 
the toxicity of the waste is very high (see Fig. 5-6). 

However, ~he chromiu~nickel steel container in which t~e vitri­
fied waste is enclosed in the reprocP.ssing plant is not accredit­
ed with any appreciable Jervice life in chloridic groundwater 
/5-4/. Encapsulation with corrosio~resistant material is there­
fore necessary to prevent the glass from coming intv ~ontact with 
the groundwater for a long time after deposition. 

A combination of lead and titanium will be used for this en("apsu­
lation. The lead also serves as a radiation shiel•l. 

Corrosion oronerties of titanium 

A detailed study has been conducted concerning the suitability of 
titanium as a corrosion-resistant encapsulation material for 
\ ·lrifieu high-level waste /5-5/. The study waa based not only on 
d..1ta from the literature on the corrosion !•ehaviour of titanium 
in the :orrosive environment in question (~1ich is assumed to be 
equivalent to Baltic seawater al a pH of 4-10 and 100°C), hut 11-
so on information from prc.minent titanium researchers in England, 
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Japan, the USA and Germany. The types of corrosion which are 
dealt with in :he study are the following: 

general corrosion, i.e. ·.uniformly distributed attack on 
the titanium surfa~e caused either by oxidation or by a gra­
dual dissolution of the passive film of titanium dioxide 
which protects the titanium 
local corrosion in the form of pitting, crevice corrosion, 
stress-corrosion cracking c: corrosion fatigue 
hydrogen embrittlement as a result of the diffusion into the 
encapsulation material of hydrogen formed by corrosion or 
radiolysis of the water. 

General corrosion 

As can be seen from a pH notential diagram, the thennodynamic<tlly 
stable form of titanium under the storage conditions which wi 11 
exist in the final repository is titanium dioxide (Ti02). Thill 
oxide, which has the same chemical composition as the stable ti­
tanium material which occurs in nature (rutile), is formed soo'1-
taneously on the surfa-.:e of the titanium (the titanium is passi­
vated) in contact wi :h water and protects the metal against con­
tinued corrosion. Tite thickness of this passive film is about 30 
A at room temperatute. The passive film resists crrrosion at nH 
2-14, rep,ardless of the oxygen content of the water /5-13/. 

Since p,eneral corrosion in water does not normally have ~o be 
taken into consideration, the literature contains very few values 
for oxidation or corrosion rates at temperatures below 200°C. In 
one case, however, a corrosion r~te of 0.25 urn/year was measured 
in both air-saturated and argon-saturated 3.5% ~aCl solution at 
60°C. This value, ~o~hich was obtained under conditions I.Jhich are 
fai"rly similar to those which are exoected to prevail i!'l the fin­
al repository, p,ives by linear extrapolation a corrosion depth of 
0.25 mm over a periud of 1 000 years. Another value obtained from 
9 months of exposure in water from the Pacific Ocean gives a 
corrosion rate of 0.1 mm per 1 000 years, and the results of au­
toclave exposures still in progress at AB Atomenergi at 100 and 
130°C give a maximum of 0.5 mm per 1 000 years /5-6 and 5-7/. The 
corrosion environment in the latter experiment, lolhich has now 
been in progress for 100 days, is Baltic seawater adjusted to a 
p:-1 of 4.5 to which 10 ppm r- has been added. 

The above corrosion data are very low and do not limit the ser­
vice life of the 6 mm thick titaniu,.., ca!:ing for thousands of 
years. They must also be regarued as very conservative, si~ce 

they have been calculated under the assumption of a constant 
corrosion rate over this long pet·iod of time. In actualit:T, the 
oxidation of titanium decreases ~o~ith time. 

Local corrosion 

Of the fo\ms of local corrosion mentioned ~bove, corrosion fati­
gue can be excluded, since cyclical tensile stresses cannot occur 
in the canister. Stress corrosion in seawater is theore:ically 
possible, but requires such lar~e fracture indications and stress 
intensities that this type of local corrosion can also be pre-
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vented if the canistet' is Cabdcated under adequate control oro-­
cedures. · . 

Pitting and crevice corrosion of titanium h~Ye been dealt with by 
some researchers as two separate forms of corrosion. The present 
study shows, however, that in actual practice, local corrosion 
consists mainly of crevice corrosion~ The following orincipal 
criteria must be met in order for crevice corrosion to occur in 
titanium: 

1 

2 

Very narrow crevices and a sufficiently large exposed tita• 
nium surface for the initiation of crevice corrosion via an 
oxygen concentration cell with the crevice as the anod• and 
the sarrounuing titanium surface as the eathode. 

A certain critical tellll)erature which declines with rl"lng 
chloride concentration and falling pH in the solution. Cre• 
vice corrosion in unalloyed titaniU\11 has not been observed 
below 120°C in contact with chloride solutions up to the 
concentration of Atl~ntic seawater (3.5% NaCl). 

) A mechanical roughening or cold working of the surface (for 
-~xample due to scratching, grinding, etc.) appears to have 
an 'lccelerating effect, This is nrobably due to the effect 
of microcrevices. 

4 Contamination with base metals, esoecially iron, is not an 
absolute prerequisite, but p:-omotes the initiation of cre­
vice corrosion. Correspondi,g treatment with halogenide 
salts, with the exception of fluorides, is said to have a 
similar effect /5-8/. 

The above-mentioned conditions for rrevice corrosion on titanium 
are, of course, based on relatively short-term laboratory tests. 
However, nearly 25 years of experience witll titanit.-m as a design 
material for components which come into contact with seawater, 
such as heat exchangers, pipes and pllTIIJ'S, sl,'N that titanium's 
susceptibility to crevice corrosion does not increase over such a 
period of time. Both Swedish /5-9/ and foreign experiments /5-10/ 
indicate that incubation times longer than 500 hours are unlike­
ly, probably due to an equalization of the oxygen gradient 
between the erevices and the surrounding titanil.llll surface. 

No local corroslon has !>een observed aftel' 100 days of testinR at 
10Q-130°C in acidified (oH 4.5) Baltic: seawater despite narrow 
crevices and scratching of the surface ~ith iron /5-8/, 

For the above•cited reasons, unalloypd titanium can be expected 
to have a very long service life (at least thouunds of years), 
even when local corrosion is taken into consideution. In choos­
ing the site for the final repository and in designing the manner 
of storage, appropriate measure~ will be taken to make sure that 
e~tremely high c~loride levels in the groundwater are avoided. 
The system for watering the storag'! ;.oles which is· described in 
greater detail in section 6.2.3 is designated tn eliminate the 
risk of salt enrichment (due to evaporation) during the period 
immediately folio •. ng deposition and to keep the tet!!Perature of 
the canister at an adequately low level (approx. 65°C). 

• 
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Hydrogen embrittleacnt 

The risk of hydrogen embrittlement caused by hydrogen - created 
by radiolysis ~f water or by corrosion • diffusing into the tita• 
nium and causing hydride formation has been thoroughly investi• 
gated. 

The total quantity of hydrogen generated by radiolyaia of water 
over a period of 10 000 years has been estimated to be on the or­
der of lo-5 g/cm2 , which corresponds to an increase of only about 
4 ppm of the original hydrogen content of the titanium of 10-20 
ppm. Hydrogen due to corrosion.can only be formed after crevic! 
corrosion has been initiated and haa 3tarted to grow. If this 
extremely improbable situation arises, a local hydration will be 
of subordinate importa~ce comoared to the damage which has al­
ready occurred. 

Thus, the presence of hydrogen is judged to be negligible, and 
even if a sufficient ~uantity of hydrogen should come into con­
tact with the titanium surface, diffusion data show that it would 
take hundreds of years before the titani\DII would be hydrated to 
brittleness. 

In order to guarantee that the original hydrogen content of the 
titanium cannot be enriched to stress concentrations, and thereby 
lead to delayed fracture over the long run, a hydrogen content of 
max. 20 ppm has been specified for the titani\DII used in the ca­
nister. !his value corresponds to the solubility of hydrogen in 
titanium at room temperature and thereby renders hydride precipi­
tation impossible. 

Corrosion properties of lead 

Like titanium, lead depends for its corrosion resistance on the 
formation of a protective film on the surface which impedes or 
prevents furthtor·corrosion. The composition and properties of the 
protective film depend on the nature of the surrounding medium. 
In a suitable environment, the film can exhibit considerable re­
sistance to corrosion. Obviously, lead corrosion is not even a 
possibility until the titanium casing has been nenetrated. 

Besides resisting corrosion, the lead in the canister functions 
as a radiation shield which reduces the radiation level outside 
the canister to such a low level that it is of no nractical im­
portance to the corrosion behaviour of the titanium. Calculations 
sh~ that concentrations of ~xidizing agents induced by radiation 
are very low /5-11/. 

Since th~ lead is protected by the titanium casing, general 
~osion can be disregard~d. 

If the titaniun: casing is penetra.ted, however, some local corro­
sion may be expected on the lead surface which is thereby expos­
ed. 

This corrosion will thereby be highly localized and will develoo 
in the form of pitting. If it i~ a~~umed that the reaction will 
be limited by the available supply of oxidants - oxygen in the 
surrounding water, radiolysis products etc. - the amount of lead 
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which can go into solution is 1.24 k& peT 1·000 yean and met.re 
of canister length, i.e. slightly more than 2 kg oer canister 
(total wight 3 900 kg), The conosion attadt.vill penetntl:! into 
the lead at .a diminishing rate. It ie tentatively estimated that 
pitting will penetrate the lead linina afteT about 500 years, but 
this figure is probably grossly underestiaated /Salt/. 

Sunnarx 

The Swedish Corrosion Research Institute vas commissioned by KBS 
to investigate the corrosion resistance of the proposed encaosu­
lation materials. The institute in turn appointed a reference 
gro\Jl) composed of specialists within the field of conosion and 
materials to conduct the study. 

tn a status report dated 27 September 1977 and reproduced in KBS 
Technical Report No. 31 /5-12/, the institute and its reference 
group submitted the following assessment of the service life of 
the lead-titanium canister: 

"The corrosion resistance of the titanium casing is based 
entirely on the existence of a orotective passivating film. 
Under the conditions prevailing in a final repository, this 
film has a self-healing capacity in the event of dama~e of 
limited extent. Under the assumed circumstances and on the 
b~sis of current knowledge, the ~itanium casing should have 
a service life of more than 1 000 years. However, this esti­
mate is subject to a certain degree of uncertainty in that 
previous experience of pitting and crevice corrosion in ti­
tanium comes from experiments and applications of rel~tively 
(in this context) short duration. In order to reduce the 
risk of local ccrrosion, the storage !ite and storage method 
should be se~ected to avoid the oossibility of extremely 
hi.gh levels of Cl- in the g•·oundwater. 

tf the titanium casing is penetrated as a result of mechani• 
cal damage or local corro~ion, the lead lining thus exposed 
may be attacked by galvanic corrosion. The rate of this 
corrosion is determined by the supply of oxygen and other 
oxidants which are present 'in the groundwater or are created 
by radiolysis as well as by corrosion-inhibiting constitu­
ents in the water, for example hydrogen carbonade ions. In 
contact with the postulated storage envir~nt, it has been 
concluded that the lead linint~ will greatly prolnnt~ the ser-
vice life of the canister. · 

The service life of the lead-lined titanium canister is 
currently estimated by some members to be at least 1 000 
years, while other members estimate the service life to be 
at least 500 years. Before a fin~l assessment is ma~e, 
further study should be conducted in this area." 

The conclusions of the Corrosion Research Institute are supported 
unanimously by the specialists in the reference group. Surplemen­
tary statements by members of the reference group have also been 
appended to the status reoort. 

In one of the suoplementary statements, it is claimed that the 
estimates given in the status report are conservative and repre-
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documentation of variuua quality-guaranteeing .. aaurea should be 
divided between the owner and an official institution, such as 
the Swedish Plants Inspectorate, in a manner aiailar to that 
which is followed in the case of nuclear power plants. This divi­
sio:t shall be based on competence and on safety considerations. 
and shall be approved by the Swedish Nuclear Power Inspectorate 
(SKI). Responsibility for coordinating such activities shall rest 
with the owner. who shall. also suomit periodic reports tc SKI. 

The owner. shall also subtlit a report to SKI, in good time before 
the start of construction, specifying a programme for the organi­
zation and fUnctions of quality control and quality assurance. 
Supplementary instructions shall subsequently be issued as re­
quired and the prcgramme shall be subjected to conti~uous follow­
up by SKI. The programme shall include the following points: 

Definition of the ap~lication of the programme to various 
building sections and installationu based on safety classes. 
Description of the owner's organization ana cooperating or­
ganizations, ~ith specification vf areas of responsibility 
and channels. of contact .• 
Directives for d~sign examination. Designs should be examin­
ed by an independent body, 
Purchasing directives with respect to quality requirements. 
Inspection and identification of purchased material. 
Production and installation control appropriate to the im­
portance of the product for plant ~afety and operational 
availabi 1i ty. 
Frogramme for recurrent periodic testing and inspection of 
certain plant components. 
Directives for operation and maintenance of the facility, 
including comprehensive instructions for abnormal operatio­
nal situations and events. 
Routines for the submittin~ of reports to the supetvisory 
authority. 

A quality control plan for the vitrified waste and the canister 
shoul~ include the following points: 

Class body: 

Compositional analysis 
Hardness testing 
Leaching test 

Chromiua-nickel cylinder: 

Compositional analysis of ~terial 
Ten~ile testing of material 
Material identification 
Dimensional check of material 
Welding procedure check 
Supervision of welding work 
Visual and dimensional inspection of welds 
Penetrant testing of welds before and after filling 
Identification of cylinder material before filling 
Visual and dimensional inspection of cylinder before filling 
Harking and issuing of test certificate 

·-·····----



70 

5.4 

sent a lowe~ limit fo~ the durability of the encapsulation mate­
rial. 

It is f•..arthennore submitted that on the basis of existing know­
ledge, it is highly probable that further study will reveal a 
considerably' longer life for the encapsulation materiaL KBS 
shares this opinion. 

OPERAT10N OF FACIUTY 

Only some JQ-40 persona will be required for the operation of th.e 
fad lity. 

The entire underground part of the facility is classified as 3 

controlled area and i~ divided into zones according to the poten­
tial risk of contamination 9 in the same manner as in a nuclear 
power station. 

All h3ndling of waste cylin~ers is done by remote c~ntrol when 
tt.e cylinders are in radiation-shielded cells or with the aid of 
a radiation-shielded transfer cask. If a powar failure should 
render motor-driven equipment inoperable, the work can be done 
manually. 

All cells are connected to an intervention cell to which all 
equipment in the cells can be transferred via remote control and 
in which minor repairs can be effected. If major repairs are re­
quired, the equipment can be decontaminated and taken out of the 
intervention cell into a metal-lined room situated above the 
cell. From here, the equipment can be sent away for repair. 

The facility's operating systems are based on existing technclogy 
and on experiences from similar systems in existing facilities. 

The facility will be under the supervision of auhorities such as 
the Swedish Nuclear Power Inspectorate and the National Institute 
of Radiation Protection in the same manner as a nuclear oower 
station. The facility will be designed in cornpli3nce with the re~ 
gulations issued by these authorities and by the occupational 
safety authorities and in consultation with concerned ner~onnel 
o~·ganizaticns. 

With regard to working environment and safety, see 1II:7. 

5.5 QUALITY CONTROL 

In order to satisfy the stringent requirements on safety and 
operational availability which are iTTlposed on the activities 
described here and in order to ensure absolute safe final stor­
age, the quality of plant and material must conform to a suffi­
ciently high standard. This requires effective quality assurance, 
which entails that all measures aimed at achieving and maintain­
ing the necessary level of quality shall be planned, systematic 
and documented. 

The owner of the facility shall aiso be responsible for ensuring 
that quality control and quality assurance activities are organ­
ized and executed in a satisfactory manner. The execution and 
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Titani~lead canister: 

Compositional analysis of titanium and lead 
Tensile testing of titanium 
Dimensional check after first lead-casting 
Visual inspectior. of final surface 
Pressure testing of cylinder after first lead-casting 
Welding procedure check 
Purity control prior to welding 
Supervision of welding work 
Penetrant testing of welds 
Tightness testing by means of He after •••ling 
Harking and issuing of test certific~t• 

Some of these q~ality control procedures may take the form of 
random sample tests, the frequency of which shall be determined 
on th£ basis of the probability of defects. 

Quality control which is related to the glass body and the chro­
mium-nickel cylinder will be performeu at the foreign reprocess­
ing plant. The exten~ to which quality control and quality assur­
ance shall be carried out by the manufacturer, an independent 
quality control institution or the owner shall be determined in 
consultation between the parties involved and the supervisory 
authority. me manufacturer is expected to provide sample materi­
al so that the owner can perform his own tests in Sweden. 

DECOMMISSION1NG 

When the fac1lity is no longer required and there are no waste 
cylinders or can1sters left in it, the facility shall be a~:~nta­
minated and all "own" radioactive waste, contaminated scrap and 
building materials .:;hall be taken away to facilities which are 
equioped to receive and treat such materials. 1he facility can 
then be modified for other use or sealed by filling with crus~ed 
rock, concrete etc~ 

In general, very little contamination can be expected, su decom­
missioning should not present any difficult problems. --

--··--·----
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6 FINAL STORAGE · 

6.1 

.. 

1-1 H---H ....... _...,j~-·-"'HL....;;.._-_ ... ..;, .;..,_ .• _ .. H & r·l 
,,~ ...... , 

GENERAL 

Th~ final repository is situat~ in rock underneath the facilitJ 
for intermediate storage and encapsulation at a depth of appTO~i­
DIAtel~ SQO metres below the surface. 

The main criterion for the design of the final repository is that 
it shall be possible to seal and finallJ al:au.ion the facilitJ and 
still r'!tain its fundamental function: to 1nevent the ucape of 
radi•>active substances to the biosphere. -

The st·adies which have been conducted of nossible sites for a 
final repository (see volume 11, Geology) have indicated that it 
is possible to fulfil this criterion. Bedrock and groundwater 
conditions at the inv~stigated sites have proved to be such that 
the rock will constitut~ a barrier to the migration of the radio­
active substances from the waste to the biosphere. The vitrified 
wAste itself, with its low leaching rate, the canister, with its 
nigh resistL,ce to corrosion, and the buffer material with which 
the storage holes, tunnels and shafts in the final reoository are 
filled, with its special isolating ~roperties, constitute addi• 
tional barriers to such a migration: The rock also ~rovides ~r~ 
tection against external forces, such as acts of war, sabotage, 
meteorite impact etc. An evaluati~n ~f the function of the vari­
ous barriers is provided in volume IV, Safety Analysis. 

The final repository has been designed for the dnosition ,,f 
9 000 waste canisters and on th• basis of the assumption th•t 300 
canisters will be transferred to the fi~al repository each year 
from the intermediate storage facilitJ and encapsulation station. 
The design of the facilitJ is based on existing technology. for a 
more detailed description of the facility, see the drawings at 
the end of this chapter. 

6.2 DESCRIPTION OF FACIUTY 

6.2.1 Layout 

Th~ final repository consists primarily of a system of uarallel 
storage tunnels located appruximately 500 metres beh• the s•tr­
face, with appurtenant transport and service tunnels ~nd shafts 
for communication with the surface and with the faci~i~J for in­
termediate storage and encapsulation. The tunnel SJStem also in-

·It·· 
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6.2.2 

eludes diverse service arvas (see Fig. 6--1). The encapsulated 
vaste is deposited in vertical holes drilled in the floors of the 
storage tunnels. 

Design ~ construction ~ ~ cavern facility 

After introductory design votk and preliminary studies, vhich may 
include a pilot plant, vork on the rock facility vill commence 
vith the sinking of a shaft from the surface of the ground down 
to the level of the repository. From this s!laft, drifts vill be 
driven vhich vill permit th~ excavation of other shafts by the 
driving of raises /6-1/. 

Tunnels for service areaa will be constructed next to the reposi­
tory. Blast rubble will be transported to the surface via a skip. 
The material vill be crushed first, however, since the size of 
the blocks vhich a skip can accomodate is limited. 

Blasting of the ~epository's tunnel system vill start with the 
hoist tunnels at the periphery and in the centre and the ··~nti­
lation tunnel situated above the ll'.j.d-tunnel. These tunnels will 
provide good general information on the characteristics of thP. 
rock at the site so that the layout of the storage tunnels can be 
modified if necessary in order to ~void sections of poor rock not 
indicated by the preliminary studies. 

Blasting of the storage tunnels is then commenced with great care 
so as to disturb the surrounding rock as little as possible. Ver-

t Melnftft 
2 Ski!llhall 
3 v .. t*tioft "'-" 
4 Hoiot !!Nft far- C8n~ 
SA .......... .m~--.. 
8 '"_... 1101191 fer:iltty 
7 FiN! ,_.._., 

F"rpn 6-J. hnp«rtn drawilft o.f jiltlll ~sito'Y witlt plat few ilfmm«!iiltr ftonlp tmd 
~SilMI'iofl. ~ /iNil ~tory COJUi$1! 0/lll)'Stml ofpt~Nilft Stonlp tiUIIIfts siiutltfti 
500 "' bWJw tlw rwtan. 
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tical dePosition holes are drilled in the floors of these tunnels 
for the wcste canisters. Before such a hole is drilled to its 
full size, a smaller hole is fi~t drilled in which· the permeabi• 
lity of th• surrounding rock is determined by means of water in­
jection tests. If permeability is found t~ be sufficiently low, 
the ~eposition hole is then drilled to f~ll size. If ~trmeability 
is too high, the rock 'is grouted and the hole is tested aRain. If 
permeability is still too high, the hole is nlugged with a mix­
ture of sand and bentonite and the site is not used for the depo-o 
sition of a waste canister. If permeability is ~ufficiently low, 
the deposition hole is drilled to full size. ~~hole will be 
drilled ·near faults and other joint planes in the rock. 

Electrical equipment will be used for tunnel construction in or­
der ro minimize air pollution. Diesel-driven service vehicles 
may, however, be used. The work will be executed using conventio­
nal mining and construction methods. 

The centre-to-centre spacing of the storage tunnels (25 metres) 
and of the degosition holes in the tunnels (4 metres) has been 
determined on the basis of rock mechanics considerations, includ-

_ing the effects of the heat generated by ':he canister. The o'eoo­
sition holes have a diameter of 1 m and a depth of 5 m. Each hole 
is intended for 1 canister. With the spacin~ selected, the Gross 
Thermal Loading in the initial nhase will be 5.25 watts per m2, 
which res'•·lts in a relatively ~derate increase in temperature in 
the surrounding rock formation (see 1-'ig. 6-2). The effects of 
this heating at the surface on the climate, land elevation etc. 
will sc~rcely be noticeable /6--2/. 

See 1:14 for the ~chedule for the constructicn of the facility. 

Deposition~~ canisters 

Wh~n a waste canister is to be transferred from the facility for 
intermediate storage ana encapsulation to the final repository, 
it is first lifted out of the encapsulation cell into a r3dia­
tion--shielded transfer cask by means of a procedure similar to 
that used for handling cf the waste cylinders in the facil~ty foT 
intemediate storage and encapsulation. 'The t:ask is similar to 
thq one described under 5.2.3, but the lead 5acket is only 10 ~ 
thick, since the radioactivity of the waste ~s lover following 
1torage and since the lead in the canister provides tf.a additio­
nal radiation protection which is required. The transfer cask is 
carried on a railbouna ~gon which is drawn by an electric: trac­
tor /6-3/. 

The tr~nsfer cask is taken via a horizontal tunnei from the en­
C:&lJSUlation cell to an elevator vhich runs in a vertical shaft in 
the rock. The elevator takes the transfer casK down to the le~l 
of the storage tunnels (see Fig. 6--3). · 

The elevator is of the same design as a conventional ~ine eleva• 
tor with guides and a winding sheave and with a number of inde­
pendent braking systems. The elevator cage is suspended from a 
number of cables which are strong enough so that a few cables 
alone can support the load with a good margin of safet) (lD-fold 
safety). As an additional safety precaution, there is a water 
pool at the bottON of the hoist shaft which dampens the impact of 
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a fallina elevator and which provides radiation shielding in the 
event that a canister should be damaged. 

When .he elevator has reached ::~:: level.of the repository. the 
transfer ca.::k.is taken on its wagon through the tunnel system and 
positioned above the hole in which the waste canister is to be 
deposited. 

Before the transfer ~ask is moved into ~sition. the deposi~ion 
hole is first drained of any water and titanium irrigation ripes 
(see below) are installed. A bed of sand (90%) and bentonitP. 
(10%) is ~hen deposited at the bottom of the hole. The bed is 
compacted by means ~f a hydraulically operated vibrator olate. 
Finally. a·mobile. radiation shield is positioned at th• opening 
of the hole to protect the personnel when the canister is being 
lowered into the hole. 

The cani~ter i.s now lowered into the hole by the hoist inside the 
transfer cask and deposited on the sand/bentonite bed. the trans­
fer cask is then.moved away. the mobile radiation shield is re­
moved and the hole is filled with a udxture of sand (851.) and 
bentonite (IS%). The fill is deposited and crympacted in ~ayers 
lQ-20 mm thick by means of hydraulically operated equipment• see 
Fig. 6-4 and /6-4/. 

The proportions of sand and bentonite are determined by such con­
sideration as the tact that a higher bentonite.content provides 
lover penneability but also lower b.,,,ring strength. The bottom 
bed must be able to support the weig.L of the canister and should 
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6.2.4 

therefore have a lower bentonite content than the rest of the 
fill, for which lowest possible pet'111eability is the primary cri­
terion. See further under 6.3 below. 

After backfilling is concluded, the deposition hole is sealed 
with a lid of cast-in-situ concrete. A prefabricated concrete 
yoke is placed on top of the lid and grouted in recesses in the 
tunnel walls (see Fig. 6-5). The irrigation pipe~ are connected 
to a piping system through which water is injected into the hole. 
The purpose of the lid is to prevent water from seeping out or 
evaporating from the hole. It also orevents the fill from swell• 
ing when the bentonite absorbs the. water. This further compacts 
the fill, making it denser (see 6.3). The filler material pro­
vides adequate radiation protection for the personnel who work in 
the storage tunnels. · 

The system for irrigation of the deposition holes is maintained 
for the entire period of titne Juring which the repository is 
open. During this period, the facility is drained and ventilated 
and the irrigation system and the lid over the hole prevent the 
filler material in the holes from drying out due to the heat ge• 
nerated by the canisters. This would reduce the thermal cot•ducti­
vity of the filler material and thereby increase the temperature 
of the canister (which is about 65°C when the fill is water-satu­
rated, /6-2/). Drying of the filler material could also lead to 

, an·,enrichment; of the salt in the groundwater. The increase in 
temperature and the salt enrichment would have a negative effect 
on the resistance of the canister to corrosion (see III:5.3). 
However, it is possible that further study and analysis of the 
effects of heat generation on the filler material and the ground­
water vill show that the irrigation system described here can be 
simplified or dispensed with altogether. 

Auxiliary systems 

The facility will contain auxiliary systems ior water supply, 
sewerage, electric power, cc1pressed air, fire protection, tele­
coumunicat:ions, tra~1sport of personnel and 1118terial etc. These 
systems are similar to those in convantional mining installa­
tions. 

~ventilation system is designed to provide a free circulation 
of a1r in tunnels and shafts /6-1/. It shall supply the facility 
with fres~ air and remove dust, fumes and gases from blasting and 
from vehicles. The air temperature shall be mAintained at a 
pleasant level in all areas occupied by ~ersonnel. 

Radioactive contamination of the air is not expected to occur. 
Even in the event of a handling acddent, it is hi~hly improbable 
that the encapsulated waste cylinder would be damaged to the ex• 
tent that the vitrified waste. would be shattered into such small 
particles that; they would become airborne. 

Thus, the function of the ventilation system is to create and 
maintain pleasant and hygienic working conditions in the fin~l 
repository. It has no direct connection with the function of the 
waste cani'sten. The principles for the design of the system are 
illustrated in Fig. 6-6. 

--------·---
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F"tgUn 6-6. Penpecrw~ drrzwinr o{VMtillltion rystem in firu~l n·pmitory. Depofitiolt hils !Jnrf · 
concluded within ana A and is in P'Of'I!JS in am1 B. Blluting h4s bftn cvmcluded within ana C 
and is in~ within arm D. 

Fans at ground l!.!vel blow air down t'1rough a ventilation shaft 
and this air is then clistributed to the tunn<.'i system and the 
hoist shafts. After each storage tunnel has !leen blasted to its 
ful! length, it is ventilated by means of frt1e air flow from the 
outer transport tunnels to the centre tunnel. From here, the air 
i~ evacuated via vertical shafts to an exhaus~ air tunnel situat­
ed above ~he centre tunnel, which also serves as an evac•Jation 
tunnel for smoke in the event of fire in any parr: of thl..! tunnel 
system. Th~ air is c~nveyed through the exhauat air tunnel to the 
rock hoist shaft, which also serves as an air.evacuatiou shaft. 
Evacuation ducts from the service areas also eml'tY into this 
shaft. Fans on the exhaust air $ide (at the oper•ing of the shaft 
on the surfa.-:e and in the tunnels which lead to the outlet shaft) 
also assist in the evacuation of the exhaust air. 

In each storage tunnel and between the service art~as and the 
transport passages are doors with dampers which can be used to 
regulate the distrlbutinn of air to the variou'J areas according 
to immedia.te requirements, which are dependent upon the nature of 
the work and temperature conditions in the various parts of the 
facility. 

Vital criteria for the design and capacity of the ventilation 
system are the fresh air requirement during the c0nstruction ne­
riod and the necessity of keeping the temperature below approxi­
mately 25°C in tunnels where work is in progress. 

Although it is assumed that both veh~cles and machines used in 
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the facility "ri 11 be electrically pove!'ed, the 'iuntilation system 
has been design'!d so that its capad.ty can 1-e· madi.·· sufficient for 
diesel operation as well. The need for temperature'·re:d·oJction 
within parts of th~ tunnel dystem is met by the re~~lability of 
the ver&ti lat ion daJDtiers. 

Even if all fans should fail, natural ai'r convection will provid~ 
suffici~nt air exchange to permit work in the final repo~itory to 
proceed for a limited peri~d of time, possibly with some restric• 
tions. 

~ ~inage system will be 'provided in the final repository for 
the collection and removal of groundwater which lea~. into the 
repository and spillage water from rinsing operations etc. Conta­
minated water from workshops, personnel areas etc. will be dis­
posed of by a separate sewerage system,· 

The bottoms of the tunnels are designed_ so that water leakinR in­
to the tunnels is collected in a gutter and conveyed to pump 

'sumps situated in the transport runnels. The sumps.have special 
chambers for sludge separation. 

Sumps wi 11 also be prc-vided in the service areas and 'in the 
shafts. Water from all sumps is pumped through pipes to the cent• 
ral shaft, a~d from there to the nearesL suitabl~ recipient on 
the surface. ?:.unping through the shaft is effected in two stages 
via a booster pucp. 

The number and size of the pump sumps will be finally determined 
on the basis of the leakage rate which is observed during the 
initial stages of construction. The sumps a.nd the parts of the 
shafts below the bottom level of th1~ repository shall have suffi­
cient capacity to prevent flooding of the tunnels in the event of 
extreme flows and pump breakdowns. The putr.ps are operated automa­
tically. Alarms are issued in the event oi. abnormal water levels. 

Vital systems (ventilation, drainage, hoists, emergency systems) 
shall be packed up by auxiliary diesel gf,nerators. 

6.3 · PROPERTIES OF SAND/BENTONITE FILL 

The material used to backfill depositi~n-holes and seal tunnels 
and shafts (see 6.6) should po~sess the following properties: 

bearing capacity; to keep the canisters in place in the de­
position holes and to hold back pieces of rock whi~h may 
break off from the roc\c surface. 
plasticity; to maintain the homogeneity of the material 
despite minor movements in the h~drock. 
low penneability; to minimize 6l'•'undwater flow in depc:.sition 
hole~ 3nd in backfilled tunnels and shafts. 
good thermal conducti"Jity; to transmit the heat .generated by 
the waste canister to the rock without the canister becoming 
excessively hot. 
high ion exchange· c:apacitv: to retard the migration of radi­
oactive nuclides whic; may I'<!C~k out from the canister. 
long-term stability against weathering, cementation or other 
changes; so that the r-atr:rial will retain the llbove praner• 
ties throughout the service life of the repository. 
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Nor shall the material have a negative effect on the corrosion 
resista~ce of the canister. 

Tests and studies /6-5 to 6-13/ ha~ shown that a mixture of 
quartz ~and and bentonit~ possesses most of the above-specified 
properties. Both materials are available in the required quanti• 
ties. They can be mixed to a homogeneous material without diffi­
culty, e.g. in an ordinary concrete mixer; 

In order for the mixture to possess good bearing capacity and 
thermal conductivity as. well as low permeability, it is desirable 
that the sand and bentonite fractions be mixed in such propor­
tions as to provide a good (morain-like) particle size dis~ribu­
tion. 

Bentonite is characterized by a high sWP.lling capacity when it 
absorbs water. It also has a high ion ex-:har.ge capacity. 

A high oentonite content increases the plas~icity and ion ex­
change capacity of the mixture. It also improves the material's 
density, since its· swelling will fill the porea in the material. 
At the same time, however, a higher bentonite content reduces the 
bearing capacity and thermal conducti~ity of the mixture and it 
becomes more difficult to handle. 

Tests have shown that mixtures of 8D-90% GUartz sand and quartz 
filler and lD-20% be.ltonite p::ovide a good balance of the desired 
properties. 

The be.ntonite \lhi.~h is used is sodium ber.tonite (Volclay Hx 80 or 
the equivalent) ir. granulated form with a particle size dhtr-ibu­
tion of 0.07- 0.8 mm. It has good swelling properties, even af­
ter heati~g t~ 300°C. 

The sand is pure quartz sand (98% SiO?) with a particle size 
distribution of 0. 063-2 IIIIi. It has a ;intering point (1 400°C) 
which lies well above the temperature encountered in the re?osi­
tory. 

The results of field and laboratory tests on the ~ixture can be 
aummarized as follows; · 

The strength and deformation properties of the mixture are 
approximately the same as those of a clayed mordine. The 
bearing capacity of the material is composed of a cohesion 
co~onent and a friction component. An increase of the ben­
tonite content increases cohesion and reduces friction. 
Penneability varies betveen lo-8 and lo-ll m/s when swellinJe 
is restrained. iHth unrestrained swelling. permeability is 
higher. · 
Thenual conductivity is between 0. 1 and 1. 7 W/m°C when the 
water content varies between s and l5%. 
Maximum dry solids density is l.90-2.0Q tlm3 at an o~timum 
water content of 8-12%. 
Unrestrained swelHng wht:n the material is in cc•ntact 1'ith 
water leads to an increase of i~s ori~inal volume by 5-20%. 
The swelling pressure of the mattirial under restrained 
swelling conditions is on the order of 30-150 kPa. 

Studies conducted for KBS have shown that the properties which 
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are of importancl fo~ bearing capacity, ac~sit;, thermal cond~~­
tivity and ion exchang~-will not unders~ any-~~~ential chanie 
over long periods of time /6-·Jtand 6-12/ •. 

' ·-."-
The sand/bentonite filler material ~an ~ffect the grounti~ater 
chetr..i.cally by acting as a .~H buffer,' whereby·" st&bilizatio•• ()f 
the pH to a value be~een 8 ana.9 can be eXpected ~t the te~era­
tures in question, acc~rdinr, to the (C~ults of studie$ ~urrently 
in pro~ress (cf. section 4.3.3). 

. ' 

6.4 m"·.ERATION OF FACILITY ... _ 
Canister ueposition begina "When approximately Ot•e-qti'ar;:.e.r of the 
total number of storage tunnels have been completed. The facility 
is designed in such a Manner that the construction work ~an con­
tinue without any intr,rference from the transport and deposition 
of c~nisters. Next t~ the centre tunnel, the storage tunnels are 
closed off hy a concrete wall with a door and with dampers fot· 
regulating the ver.tilation flow in the s~orage tunnel. 

The equipment for transporting and handling canisters and back­
fil!J.ng the cie?osition holes is rai lbound. It is pulled by an 
electric tractor. After deposition is concluded in a tunnel, the 
rails are ~ved to the next tunnel. 

Only some JQ-40 persons will be required for the operation of the 
facility (not including the construction work). 

Up until the time the final repository is to be sealed, the stor­
age tunnels in which canisters have been deposited can be inspec­
ted and checked and measurements can be made of rock stresses, 
temperatures, groundwater leakage etc. 

Th,'! facility will be inspected by authoritii!S such as the Swedish 
Nuclear Power Inspectorate and the. National Institute of Radia­
tion Protection· in the same way as a nuclear power station. It 
will be designed in accordance "With the regulations is'sued by· 
these authorities and in consultation with concerned personnel 
organizations. 

With regard to worki~g environ1!!'!nt and safety, see I11:7. 

6.5 QUALITY CONTROL 

Besides the quality control of the rock and the grt•undwater·which 
is carried out during the construction and opolratic:n pet'iod, 
quality control will be primarily aimed at verifying the proper­
ties of the sand/bentonite fill. This v~l 1 be accamolished by 
sampling and analysis of delivered material, of the finished 
mixture at the mixing stati-on. and of the completed fill. The 
testing procedure is similar to that used for the core of an 
earth dam. The equipment for compacting the filler. material in 
ti1e deposition holes also has instr~r.ts which indicate and re­
gi<Her the degree of compaction which is achieved. 

For other quality control, s~e under 5.5 • . 
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PERMANENT CLOSURE 

After the final repository has been filled with' canisters to its 
design capacit.y, the facility can be kept open and inspected as 
long as surveillance and maintenance of the drainage and ventila­
tions systems and other essential auxiliary systems are consider­
ed desirable. The facility can then be sealed and finally aban­
doned. 

When it is sealed, the tunnels, shnfts and boreholes are filled 
with a mixture of sand and bentonite simi he, t~o; that used to fi 11 
the deposition holes. 

The fill is deposited in the tunnels in layers and compacted by 
means of vibratory rollers. The material is brought to t~e fill­
ing site on a conveyor belt and is spread by tractors. Before the 
work is begun, the tunnel floo. is cleaned. If desired, the lids 
on the deposition holes and their yokes ciln also be removed. 

The fill is applied in the top part of the tunnels by means of a 
spraying technique similar to the one which has long been used 
for lining the roofs of tunnels with concrete. Tests /6-4/ have 
shown that this technique is suitable for spraying sand/bento­
nite. The spraying technique and the swelling capa~ity of the 
bentonite permit complete filling of the tunnel section with a 
high (?Q-80%) degree of compaction. See Fig. 6-7 and 6-8. 

A mixture of sand and bentonite will also be used for backfilling 
vertical shafts. A fine-grained moraine may also be used in the 
upper part of the shafts. Holes drilled in connection with the 
preliminary study of the rock formation are filled with pure ben­
tonite. 

In this manner, all cavities and voids in the rock are filled 
with material which is at least as impervious as the surrounding 
rock. The ion-exchanging properties of the bentonite will thereby 
constitute an additional barrier to a miF,ration of radioactive 
nuclides in the filler material • 

It is assumed that observations ami me11surements of the ground­
water system, rock stresses, temperatures etc. will be performed 
for a certain period of time following the closure of the final 
repository. A prograTII!Ie for such activities will be drawn up in 
cooperation witr the concerned authorities. 
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6.7 DRAWINGS 

DRAWING 1 GENERAL LAYOUT 

" 2 PERSPECT.tVE DRAW.tNG Ct 
" 3 S IT1NG EXAMPLE 

4 CONSTRtCTION STAGES 

" 5 TRANSPORT ROUTES 

" 6 VENTILATION (. 

" 7 STORAGE TUNNELS 

" 8 SEALED REPOSITORY r 
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" 9 TRANSPORT OF WASTE CANISTER F~GM INTERMEDIATE 

II 
STORAGE TO FINAL REPOSITORY •• 

" 10 TRANSPORT AND DEPOSITION 011 WASTE CANISTER IN 
FINAL REPOSITORY 

" l1 SEALING OF DEPOSITION HOLES 
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SAFETY 

7.1 WORKING ENVIRONMENT 

7. 1.1 

7 .1. 2 

Authorities ~ regulations 

The scope of the facilities will be outlined in the application 
for siting permission which is required by the provisions of Sec­
tion 136 a of the Building Act. In the consideration of such 
applications, concerned authorities and interest organizations 
shall be given an on~ortunity to exPress their views. Working en­
vironment conditions can thereby be given early attention ~nd, if 
necessary, be regulated in connection with the granting of per­
mission. 

The design of buildings and equipment and conditions on the work­
site during the construction and operation phases shall comply 
with the requirements of applicable laws and regulations. In or­
der to guarantee th3t full attention is given to occupational 
safety and health matter!', Loth the Workers' Protection Act and 
various statutes and ordinances require that inspection authori­
ties and e~loyee organizations be given an opportunity to exa­
mine work methods and the plant of the worksite prior to the 
start of construction. 

Working environment during ~ construction ~ 

Construction work on the intermediate storage facility, the en­
capsulation station and the final repository will include: 

Buildings on ground level for offices, uersonnel quarters, 
dining halls, workshops and storerooms, electrical installa­
tions, water works, sewage installations, ventilation sys­
tems and facilities for the rece~tion, treatment and"storage 
of buffer and backfill material. 
Buildings in rock galleries with approx. 30m rock cover for 
reception, intermediate storaRe and final encapsulation of 
waste cylinders. 
Re~ository with service facilities approx. 500 • below the 
surface for the final storage of waste. 

Certain installations on ground level as well as the upper rock 
cavern installation (the intermediate storage section) shall be 
ready for operation much earlier than the lower rock cavern in­
stallation (final repository). Blasting and construction work and 

--- -
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7 .1. 3 

L_ -

deposition will be pursued simultaneously in ~e final reposito­
ry. There will therefore be no distinct delineation in time be­
tween the construction and the operation ghases. Commissioned 
plant sections shall ther~fore be separated fro~ ongoing con­
struction ~ctivities. 

Different types of working environment problems will be encount­
ered in different work areas. But since existing technology will 
be used in the different t}pes of construction work, the various 
environmental problems will be familiar. It should be possible to 
solve environmental problems in a satisfactory manner through co­
operation between the olant owner, the inspection authorities and 
the concerned employee organizations. 

Working environment during~ ooeration ~ 

As during the constru.:tion phase, occupational hygiene oroblems 
will vary from one work area to anoth~r. Occupational hygiene re­
quirements pertaining to the function of the plants are already 
known. The design of oremises and installations shall be approved 
in the usual manner by inspection authorities and employee orga­
nizations. 

Most of the ins~allations for water and power supply will be lo­
cated on the surface, along with certain workshoos and equipment 
for the preparation of buffer material and backfill. 

Less extensive expe~ience is available with resnect to the in­
stallations for recention, storage and treatment of buffer and 
backfi 11 material containing quartz sand and bentonite. The 
quartz sand will contain a certain amount of fine-grained materi­
al, giving rise to some dust hazard. 

In order to protect the personnel against quartz dust, th~ dust 
sources shall be enclosed and suitable ventilation shall be pro­
vided. Dust-generating processes shall be supervised from areas 
under pressurized ventilation. In connection wj.th maintenance 
work and in the event of snillage. personnel shall be protected 
by the use of functionally designed work equipment and personal 
safety equipment. 

Prepared buffer and backfill material shall be watered down prior 
·to transport to the site of application. The dust hazard is 
thereby limited to oreparation. 

Waste cylinders are received, stored and encapsulated in the up­
per rock cavern facility. Encapsulation involves the casting of 
lead and the welding of titanium. Work with waste cylinders and 
canisters shall be remote-controlled from radiation-shielded 
areas. 

Rock work will be done using largely the same techniques which 
are normally used in rock cavern excavation and tunnel driving. 
This means that working environment precautions can be based for 
the most part. on existing technology. Work machines and transport 
equipment shall be electrically driven whereever oossible. 
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7.2 RESCUE SERVICE 

7.2.1 

7.2.2 

Authorities~ regulations 

According to the Fire Protection Act, rescue service activities 
are aimed at minimizing d4m4ge to human beings, pro"erty and the 
environment in the event ~f fires, oil spills, cave-ins, land­
slides, floods or other emergencies. According to the Act, each 
municipality in Sweden i:t responsible for providing its .JWn res• 
cue service and instituting preventive measures. 

According to Section 14 of the Fire Protection Act, it is encum­
bent upon the owners of buildings, storage depots or other faci• 
lities to procure and maintain the necessary equipment for ex­
tinguishing and rescure work in connection with fires and to 
adopt all other measures which are necessary to prevent and 
combat fire, all within the bounds of reasonable cost. 

The County Administration issues the fire regulations for the mu­
nicipalities and may be regarded, along with the National Fire 
Service Board (which is responsible for issuing recommendations 
and instructions), as the inspection authority for the municipa­
lities. 

General rules for fire ~rotection in connection with the erection 
of industrial plants are provided in the Swedish Building Code, 
SBN 1975, issued by the National Board of Physical Planning and 
Building. But these rules are not applicable to an underground 
facility for the final storag~ of nuclear waste. 

The necessary examination is normally undertaken in connection 
with the processing of building permit applications. 

Design ~ facilit~ 

It is often difficult to satisfy requirements on evacuation and 
fire extinguishment on large worksites during the construction 
phase. It may be necessary to organize a fire fighting organiza­
tion on the workside in cooperation with the municipal fire bri­
gade. 

Special temporary alarm and extinguishing sy!tems may have to be 
installed. But it should be possible to put the permanent systems 
into service as soon as possible. 

Special precautions must be adopted in c~nnection with the ~Ian­
ning of installations which involve special fire hazards in the 
underground facility for the final repository. The principles for 
the design of such·plants are summarized in ·~nd~rground fire 
protection", published by the Swedish rtin~a-Owners' Association in 
1976. 

Evacuation routes and fire ventilation devices will be planned 
and designed in consultation with fire authorities in the same 
manner as in mines. 

-~-



130 

7. 2. 3 

7.3 

7.3.1 

7.3.2 

Enforcement and routines 

The person who is made responsible for the fire protection of a 
facility shall, in consultation with the municipal fire chief, 
ensure that the personnel are well-acq•~ainted with··the steps 
which are to be taken in the event of an alarm in different work 
areas. He shall also be responsible for enforcing fire protection 
requirements in connection with the various construrtion and ope­
ration phases. 

·RADIATION PROTECfiON 

Authorities ~ regulations 

Matters pertaining to the handling of radioactive waste as ~etl 
as occupational hygiene conditions in connection with work in a 
radioactive environment are dealt with by the National Institute 
of Radiation Protection with the support of the Radiation Protec­
tion Act. 

In 1977', a proposal was submitted for certain amendments to the 
Atomic Energy-Act. The proposal is aimed at making the Swedish 
Nuclear Power Inspectorate responsible for tha inspection and 
~upervision of the handling and storage of radioactive waste pro­
ducts. Regulations pertaining to permissible releases as well as 
radiation protection matters would, however, continue to be 
handled by the National Institute of Radiation Protection. 

Design plans will be submitted to the National Institute of Radi­
ation Protection for critical examination prior to the start of 
construction. 

The law requires that a radiology officer approved by the Natio­
nal Institute of Radiation Protection be present at the com­
missioning of plants. The radiology officer is responsible for 
ensuring that the rules and regulations issued by the institute 
are complied with. 

Enforcement ~ ~t~ 

The facilities will be divided up so that premises for the handl­
ing and storage of radioactive substances ar~ separated in a safe 
manner from other activities. Such separation shall be provided 
in the final repository by int•rvening space. 

Activities in thtt final rel)Ository uinly comprise the handling 
of encapsulated radiation sources with known activity contents. 
Required radiation shielding can therefore be calculated with 
good accuracy. 

All vork operations with waste cylinders shall be remotely con­
trolled with a radiation shield between the operator and the cy­
linder. For transports outside of specially shielded compart­
ments, the cylinders shall be enclosed in radiati~~shielded 
transfer casks. 

The rules for reporting of personal doses etc. are established by 

• 
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the radiation protection authoril:ies. The authority also issues 
rules governing how special operations entailing abnormal dose 
loads shall be reported for evaluation before the work is com­
menced. 

PHYSICAL PROTEC'!'ION 

Auth~rities ~ regulations 

The Swedish Nuclear Power Inspectorate (SKI) is, according to the 
Atomic Energy Act and with the support of its provisions, the in":' 
spection authority for the physical protection of fis~ionable ma­
terial and nuclear ~nergy facilities •. The authority notifies the 
owners of the facilities of regulatio~s and directives and super­
vises and enforces compliance therewith. The expression "physic3l 
protection" encompass.ls a series of overlapping saieguards 
against attack, sabotage and other acts of violence. 

For matters pertaining to physical protection, t.tere is an advi- · 
sory board (the board for the control of fissionable material) 
whose function is to supervise activiti~~. provide advice concer­
ning the application of existing agreement;j and make proposals 
for revisions of international agreements for the control of 
fissiona~le material. 

With regar1 to police activities in connection with physical pro­
tection, SKI cool)erates with the National Police Board, whose in­
structions direct them to cooperate with agencies whose activi­
ties pertain to police a~tivities. To the extent specified in 
their instructions or in special regulations, the N'!tional Policf' 
Board is required to issue directives to lower police authorities 
and to direct police activities. 

The county administrations are the highest police authorities 
within their r~spective counties and the county police ct.ief -
who is an officer in the country administration - is direct~y 
responsible for upholding order.and security within the county. 
Owners of nuclear power facilities shall cooperate with the po­
lice district in questi'on with regard to matters pertainir,ll to 
physical protection. 

Directives and regulations governing the physical protection of 
commissioned nuclear power installations and the transport of 
fissionable material within the country can be issued by SKI. 

Special regulations for facilities for the handling and storage 
of spent nuclear fuel and high-level waste have not been issued. 
Such facilities are considerably less technically complicated 
than nuclear power plants, ~o the regulations governing physical 
protection at such facilities should be simpler. The information 
required for the formulation of detailed directives and regula­
tions will not be available until th~ facilities h.we reached the 
detailed planning stage. 

The KBS studies have assumed that phy3ical protection shall be 
basically the same as at a "'.Jclear power plant, i.e. tlivided into 
the following main components: 

--
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7.4.2 

1 District vr peripheral 9rotection, ~ich consists of a se­
curity fence provided with devices which detect and issue 
alarms in the event of un4uthorized entry. It shall be 
possible to verify tt:.e cause of the alat"'ll through closed­
circuit television. 

2 Shell protection, which comprises sufficiently robust build­
ing structures in combination with security control arTange­
ments at points of passage into and out of the facility. 

3 Special protection for safety-related equipment. This pro­
tection may ccnsist ~! physi~ally separate redundant sys­
te~, protective building s~ructures or administ~ative rules 
for admission etc. 

The structural design of the physical protection must conform to 
the requi~e~ents on evacuation ~nd extinguishing in the event of 
fire. The detailed design of the installation will therefore be 
submitted to the fire authorities for approval. 

Design ~ facility 

The need for physical protection measures has ~een taken into 
account in the design of the facilities for the handling and 
storage of high-level material, 

The rock chambers, with their few and easily supervised poin:s of 
access, offer good opportunities for physical protection with a 
high level of security. Tunnel doors are designed to satisfy the 
requirement for protection against unauthorized entry, together 
with installed alarm deviceq. VPnril~ri~n ~~-nine~, uater intakes 
and vital surface installations will be protected against un­
authorized entry and/or demolition. 

Other points of access to the facilities will be designed so as 
to permit security control of personnel and inspection of arriv­
ing vehicles and carg~~s. 

For fire protection and other reasons, consequence-mitigating 
safeguards will be provided in the form of physical separation 
and redundancy of safety-related equipment and of vital systems. 
Such safeguards may include, for example, back-up battery sup­
plies for vital functions and auxiliary power supply and gene­
rating equipment which considerably increase the inherent protec­
tion of the plant and thereby also protect against sabotage. 

The facilities will be guarded by a permanent guard staff as well 
as by monitoring equipment. The guard staff can also be assigned 
functions within fire protection. 

In the detailed design of protected areas, special attention will 
be devoted to the geographic situation ~f the facilities and the 
consequent feasibility of assistance from the police. Information 
on protective and alarm devices as well as a list of particularly 
vital parts of the facility will be submitted to the inspection 
authority as part of the safety repcrt on the facilities. 

Due to strict ~vvernment regulations and control, the siting of 
sensitive facilities in rock and the nature of the technical 
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equipment, the probability of acts of gabotage is_ judged to be 
very low. Since the consequences of such acts would be limited, 
the facilities should not be attractive targets for potential sa• 
boteurs. 

Transport ~ operatior. 

High-level radioactive material will be transported in a contain­
ment whicrr virtually eliminates the possibility of mechanical d~­
mage or attack. The size of the transport casks will be deter• 
mined by other requirements, including mechanical strength. 

All transports, both by land and by sea, will be guarded in 
accordance with detailed plans drawn up in adv~nce. In the event 
of fire, accident or other disturbances which may jeopardize the 
safety of a transport, telecommunications with stand-by potential 
will be provided to agencies in the community which could be af­
fected. 

Before commencement of the planned operation of the facilities, 
special safety plans shall be drawn up. These plans shall specify 
b~th administrative and technical measures for physical protec­
tion and shall be submitted to the· licensing authority for exami­
nation and approval. Plans for personnel recruitoent and compe­
tency requirements for the operating personnel shall also be spe• 
cified. 

WARTIME PROTECTION 

Authorities ~ reguladons 

According to Section 136 a of the Building Act, applications for 
siting permission shall be submitted to the government for each 
facility for the handling and storage of high-level material. 

Opinions concerning such applications shall be obtained from the 
Commander-in-Chief of the Swedish Armed Forces, who shall hereby 
judge the proposed site in the light of defence plans. These 
opinions shall be considered by the government in its review of 
the siting application. 

Facilities which may be vital to the country's power supplies in 
wartime shall be examined by the Board for the Wartime Protection 
of Power Stations for approval of the protection level of the fa­
cilities. 

Facilities for the handling and storage of spent nuclear fuel 
are, however, not di.::-ectly necessary for power production and 
distribution in wartime. They are therefore not a~ng the types 
of facilities which the Board for the 1-lartinoe Protection of Power 
Statir'ls is instructed to deal with. 

The requirements of wartime protection !)ertains first and fore­
most to protection against damage which may lead to releases of 
radioactivity. SKI shall therefore issue the directives and p,ui­
delines which may be called for from the viewpoint of wartime 
protection, in consultation with the Commander-in-Chief of the 

-
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Swedish Armed Forces and the National Institute of Radiation Pro­
tection. 

Design~ facility 

The emplacement of the intermediate storage facility in rock pro­
vi~es good protection against conventional weapons. Conventional 
bombs cause groundvibrations upon contact, but the 30 m rock 
cover should insulate the facility against such damaging factors. 
Pos~ible effects shall be taken into consideration in the design 
and construction of the concrete enclosure of the rock chambers. 
The final repository, ~ith a rock cover of SJO m, is adequately 
protected even from nuclear weapons. 

The effects ::-f airborna shock waves in the intermediate storage 
facility caused by a bomb exploding outside of the facility have 
been reduced by the design of the access descents to provide a 
blow-through path. Ventilation of the intermediate storage faci­
lity has been designed in such a way that cooling can be accomp­
lished by natural convection in the event of fan failure. This 
also provides some protection asainst airborne shock waves. This 
protection is enhanced by means of a stack design which permits 
blow-through at the intake and outlet points. 

The intake and outlet openings of the ventilation stacks are pro­
tected by concrete cover. The lower portions of the stacks may be 
constructed in .the foi"''!! of thick concrete cylinders. The vertical 
portion of the ventilation shaft!! d~ into the rock are provided 
with bon"b traps. 

Electric lead-in bus! ".gs into the rock cavern facilities can be 
bomb-protected by con~cete encasement and drainage openings. 
Where required, redundant connections can be,provided at safe 
distances. 
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