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PREFACE 

During 1985 the last two reactors in the Swedish nu

clear power program were taken into operation. Thus 

Sweden now has all its twelve nuclear reactors in oper

ation. During 1985 42% of the total electric power was 

generated at nuclear power plants. 

Also during 1985 operation startecLoUhe facility 

for interim storage of spent fuel (CLAB). CLAB con

stitutes a fundamental strategic function in the Swed

ish spent fuel management system. It will ensure the 

uninterrupted nuclear power production and it will 

provide ample time for the R&D-work, the site selec

tion and the system's design and optimization needed 

to achieve a suitable and safe system for spent fuel 

management including final disposal. That will also 

mean a freedom of choice on the option to be finally 

implemented. 
The Annual Report 1985 is extended in comparison 

to previous annual reports in this series. In addition to 

the reporting on R&D-work performed during the 

year a general overview of all main activities of SKB 

during 1985 has been included as part I of this report. 

Sten Bjurstrom 

President 



ABSTRACT 

This is the annual report on the activities of the Swed
ish Nuclear Fuel and Waste Management Co, SKB. It 
contains in part I an overview of SKB activities in 
different fields. Part II gives a description of the re
search and development work on nuclear waste dis
posal performed during 1985. 

Lectures and publications during 1985 as well as 
reports issued in the SKB technical report series are 
listed in part III. 

Part IV contains the summaries of all technical re
ports issued during 1985. 

SKB is the owner of CLAB, the Central Facility for 
Intermediate Storage of Spent Nuclear Fuel, located 
at Oskarshamn. CLAB was taken into operation in 
1985 and at the end of the year about 100 tonnes of 
spent fuel were stored at CLAB. Transportation from 
the nuclear sites to CLAB is made by a special ship, 
M/SSIGYN. 

At Forsmark a final repository for low- and medium 
level waste is being built. The repository is situated in 
crystalline rock under the Baltic Sea. All tunnels and 
rock caverns in the first phase have been excavated. 
After the finalisation of concrete structures and instal
lation of handling machines and auxiliary systems the 
repository will be commissioned in the beginning of 
1988. 

SKB is in charge of a comprehensive research and 

development program on geological disposal of nu
clear waste. The budget for 1985 was about 70 MSEK. 
Some of the main areas for research are 

- Characterization and leaching of spent nuclear fuel 
- Properties of bentonite for buffer, backfilling and 

sealing 
- Groundwater chemistry and nuclide migration 
- Methods and instruments for in situ characteriza-

tion of crystalline bedrock 
- Natural ageing of recipients in the biosphere 
- Model development and safety assessment. 

Geological site-investigations are a substantial part 
of the program. Further, SKB is the managing partici
pant of the international Stripa-project under OECD/ 
NEA. 

Cost calculations for the total nuclear waste man
agement system, including decommissioning of all re
actors, are updated annually. The total cost is estimat
ed to SEK 46 billion which is approximately 10% of 
the value of the electricity being produced. 

Consulting services from SKB and associated ex
pert groups are now available on a commercial basis. 
They are coordinated and marketed through Swed
Power, which has the same main owners as SKB. 

A department of public affairs has been established 
within SKB during 1985. 
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1 GENERAL 
BACKGROUND 

1.1 THE SWEDISH NUCLEAR 
POWER PROGRAM 

Swedens nuclear power program consists of 12 nuclear 
reactors located at four different sites and with a com
bined capacity of 9 650 MW electric power. In 1985 
the last two reactors of this program, Forsmark 3 and 
Oskarshamn 3, reached full power and were taken 
into commercial operation. Main data and location of 
the 12 units are shown in Figure 1-1. The nuclear 
power plants generated 42 % of the total Swedish elec
tric power produced in 1985. 

Swedish reactors 

Reactor Power Commercial Energy 

MWe 
operation Availability 

in 1985 % 

Oskarshamn 1 BWR 440 1972 73 
Oskarshamn 2 BWR 595 1974 88 
Oskarshamn 3 BWR 1050 1985 (92)* 

Barseback 1 BWR 595 1975 88 
Barseback 2 BWR 595 1977 97 

Ringhals 1 BWR 750 1976 85 
Ringhals 2 PWR 800 1975 74 
Ringhals 3 PWR 915 1981 84 
Ringhals 4 PWR 915 1983 87 

Forsmark 1 BWR 972 1980 86 
Forsmark 2 BWR 972 1981 88 
Forsmark 3 BWR 1050 1985 (96)* 

* from start of commercial operation 

NORWAY 

I 
I 

n 

STRIPA • 

BWR in operation 

PWR in operation 

111 
STOCKHOLM 

CLAB, Central Facility for intermediate 
storage of spent fuel in operation 

SFR, Final Repository for Reactor Waste, 
under construction 

Figure 1-1. The Swedish nuclear power program. 
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1.2 LEGAL FRAMEWORK AND 
ORGANIZATION 

The nuclear power plants are owned by the following 
four companies 
- Statens Vattenfallsverk (Swedish State Power 

Board; Vattenfall) is the largest electricity producer 
in Sweden and owns the Ringhals plant. 

- Sydsvenska Varmekraft AB (subsidiary of Sydkraft 
AB) is the owner of the Barseback plant. 

- 0KG AB is the owner of the Oskarshamn plant. 
Sydkraft is the major shareholder of 0KG. 

- Forsmark Kraftgrupp AB (FKA) owns the Fors
mark plant. Vattenfall has 74.5% of the shares in 
FKA. 
The Swedish Nuclear Fuel and Waste Management 

Company, SKB (SKB = Svensk Karnbranslehanter
ing AB) has been formed by these four power utili
ties. SKB shall develop, plan, construct and operate 
facilities and systems for the management and dispos
al of spent nuclear fuel and radioactive wastes from 
the Swedish nuclear power plants. 

SKB is also in charge of the comprehensive re
search program in the waste field which the utilities 
are responsible for according to the law. Finally SKB 
handles matters pertaining to prospecting, enrich
ment and reprocessing services as well as stockpiling 
of uranium for the Swedish nuclear power industry 
and provides assistance at the request of its owners in 
uranium procurement. 

The total staff of SKB is about 45 persons. The 
organization is presented in some detail in Appendix 
1. The bulk of the work is made by contractors. 

The assignment dominating the activities of SKB is 
the nuclear waste management. The obligations are 
regulated by various laws and supervised by several 
authorities. Figure 1-2 gives an overview of the most 
important laws and authorities involved and the rela
tion to SKB activities. 

There are three important laws which regulate the 
nuclear activities: 
- The Act on Nuclear Activities 
- The Act on the Financing of Future Expenses for 

the Disposal of Spent Fuel etc. 
- The Radiation Protection Act. 

The Act on Nuclear Activities /1-1/ puts the prima
ry responsibility for the safety on the owner of a nu
clear installation. The owner is thus responsible for 
safety at design, construction and operation of nuclear 
facilities, for the handling and final disposal of nuclear 
wastes and for the dismantling and decommissioning 
of the facility. The responsibility also includes the nec
essary research and development in the waste man
agement field. According to the act a research pro
gram must be submitted to the authorities every three 
years starting 1986. 

The authorities for supervision of the safety provi
sions in the Act on Nuclear Activities are the Swedish 
Nuclear Power Inspectorate (SKI), and the National 
Institute for Radiation Protection (SSI). The research 
program is supervised by the National Board for 
Spent Nuclear Fuel (SKN). 



NUCLEAR POWER UTILITIES 

Barseback 
Sydkraft 

Oskarshaliln R1nghals 
0KG Vattenfall 

SKB, Swedish Nuclear Fuel 
and Waste Management Co 

AUTHORITIES 
Act on Nuclear Activities 

Research & Development 

Systems design 

Cost calculations 

R & D-programme (report every 3 years) 

Act on Financing of Future Expenses ... 

Cost-calculations (report each year) 

SKN, National Board 
for Spent Nuclear Fuel 

Facility design 

Construction 

Act on Nuclear Activities, 
Radiation Protection Act 

SKI, Nuclear Power 
Inspectorate 

Operation 
Application for construction or 
operation supported by safety 
analysis reports. (PSAR, FSAR) 

SSI, National Institute 
for Radiation Protection 

~ ~ ~ 
Contractors 

Figure 1-2. Legal framework for activities of SKB. 

The latter authority is also the competent body for 
supervising the adherence to the Act on Financing of 
Future Expenses for Spent Fuel. According to this law 
the waste management activities including future de
commissioning of all reactors are financed from a fund 
built up from fees on the nuclear power production. 

The fee is revised annually by SKN, which proposes 
the fee for the next year to the government. The fee 
has been set to 0.019 SEK per kWh for the years 
1984-1986. 

The radiation protection act contains basic rules for 
protection against ionizing radiation for 

- those who work at nuclear installations and other 
facilities with potential radiation hazards 

- the general public who lives or stays outside such 
installations or facilities. 

The competent authority in these matters is the 
Swedish National Institute for Radiation Protection 
(SSI). 

SKB is thus the organization that has the lead oper
ative role in the Swedish waste management program 
both with respect to planning, construction and oper
ation of facilities and systems and with respect to re
search and development. The role has its roots in the 
legislation briefly described above. 

In addition the three competent authorities are per
forming the research needed for their own respective 
obligations. SKN is also supporting research intended 
to supplement the SKB-program. In order to coordi
nate the research programs carried out by the authori
ties a special "Consultative Committee for Nuclear 
Waste Management" was founded in 1985. The coun
cil shall report to the government annually on the 
state of the art in the nuclear waste field. 

1.3 THE SWEDISH NUCLEAR 
WASTE MANAGEMENT 
SYSTEM 
A complete system has been planned for the manage
ment of all radioactive residues from the 12 nuclear 
reactors and from research facilities. The system is 
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based on the projected generation of waste up to the 
year 2010. 

Residues generated by the operation of the reactors 
are spent nuclear fuel and different kinds of l~w- and 
medium level wastes. Furthermore, in the future de
commissioning waste will be generated when old reac
tors are dismantled. 

The types and total quantities of various nuclear 
waste categories currently estimated to be generated 
are given in Table 1-1. 
The basic strategy for the management of the various 
waste categories is that short-lived wastes should be 
deposited as soon as feasible, whereas for spent fuel 
and other long-lived wastes an interim storage period 
of 30-40 years are foreseen prior to disposal. 

The main features of the planned system for nuclear 
waste management in Sweden are shown in Figure 
1-3. 

For low- and medium level reactor waste a central 
final repository, SFR, is under construction and is 
planned to be operative in 1988. SFR may later on be 
extended to accomodate also waste from the decom
missioning of the nuclear reactors. 

For spent fuel a central interim storage facility, 
CLAB, was taken into operation in July 1985. This 
facility has a capacity of 3 000 tonnes of spent fuel, 
with a possibility to extend it to cover the total Swed
ish needs. 

After approx. 40 years of interim storage in CLAB, 
the fuel will be encapsulated in a corrosion resistant 
container and deposited at about 500 meters depth in 
the Swedish bedrock. The encapsulation and disposal 
will only start operation around 2020, and the site has 
thus not been chosen yet. 

A minor amount of spent fuel is contracted for re
processing. See further 7.2. The wastes from repro
cessing, i.e. vitrified high-level waste and transuranic 
low- and medium level waste may be sent back to 
Sweden for storage and disposal. The management 
system thus also includes an interim storage facility 
for these wastes. 

For the transport of spent fuel and other kinds of 
radioactive wastes a sea transport system is used. 



Table 1-1. Waste categories. 

WASTE 
CATEGORY 

la Spent fuel 

lb High-level waste 

2 Transuranic-
bearing waste 

3 Core components 
and internals 

4 Reactor waste 

5 Decommissioning 
waste 

1900 TWh ------, 

690 tonnes 

Spent fuel 
7800 tonnes 

ORIGIN 

Operation of nuclear 
reactors 

Residual products 
from reprocessing 

Waste from the re-
processing process 

Scrap metal inside 
reactor tanks 

Operating waste 
from nuclear power 
plants etc. 

From dismantling of 
nuclear facilities 

12 nuclear power units 

Reactor waste 
90 000 m3 

Decommissioning waste 
115 000 m3 

r - -.---Ce-n-tr ..... al-st-or-ag-e---.. 

I for spent fuel 

I 
I 

I CLAB 1985 

Foreign 
reprocessing 

I 
L Encapsulation 

Repository 
(SFL) 2020 

Deep Geological 
disposal in 
crystalline rock 

Repository 
(SFR) 1988 

Rock cavern 

WASTE FORM PROPERTIES QUANTITY 

Fuel rods encapsu- High heat flux and 5 150 canisters 
lated in copper can- radiation at first. (7 100 tu) 
isters Contains long-lived 

nuclides 

Vitrified waste en- High heat flux and 550 canisters 
capsulated in lead-ti- radiation at first. (550 tu) 
tanium canisters Contains long-lived 

nuclides 

Solidified in con- Low- to medium- 4 300 m3 

crete or bitumen level. Contains long-
lived nuclides 

Untreated or cast in Low- to medium- 15 000 m' 
concrete level. Contains cer-

tain long-lived nu-
elides 

Solidified in con- Low- to medium- 100 000 m3 

crete or bitumen. level. Limited life 
Compacted waste time 

Untreated for the Low- to medium- 115 000 m' 
most part level. Limited life 

time 

2.1 NATURAL URANIUM 

2.1.1 The Swedish Situation 
The Swedish nuclear power program has an annual 
natural uranium demand of about l 300 metric tonne. 
This demand could be higher or lower depending on a 
number of factors, which means that the planning of 
supply must be flexible. 

The demand for the period 1985 up to 1990 is 7 800 
tonne. At the end of 1985, the Swedish utilities had 
contracts for supply of 6 800 tonnes during the same 
period. Most of the supply is based on long-term con
tracts. As the prices on the spot market were low in 
1985, some spot quantities were purchased. 

Natural uranium is delivered to Sweden mainly 
from Canada and Australia, but also from Niger, Ga
bon and USA. Canada is responsible for more than 
50% of future deliveries under present contracts. 

Figure 1-3. Main system for management of radio
active waste in Sweden. 

At present, the contracted supply for the 1990 is 
only l 100 tonnes. However, during 1985 the utilities 
started discussions with mining companies with the 
objective to increase long term contracts for this peri
od. 

2 NUCLEAR FUEL SUPPLY 

In the front end of the nuclear fuel cycle SKB handles 
matters pertaining to prospecting and enrichment as 
well as stockpiling of uranium for the Swedish nuclear 
power industry. SKB also provides assistance at the 
request of its owner utilities in uranium procurement. 
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Exploration 
Uranium occurs in relatively high concentrations in 
certain parts of the Swedish Precambrian rock. SKB 

has therefore been conducting exploration at a num
ber of places in northern Sweden. Mineralizations 
containing at least 6 000 metric tonnes of uranium 
have been found with concentrations higher than 
1 000 g uranium per ton ore. These ores constitute 
important reserves for the future. 



During 1985, exploration was concentrated to min
eralizations in the community of Asele. 

As uranium supply is abundant and the market price 
is low, SKB stopped exploration at the end of 1985. 

Ranstad 
Sweden has considerable uranium resources. Most of 
the proven reserves consist of relatively low-grade 
shale deposits near Ranstad with about 300 g uranium 
per ton of shale. These deposits are not exploitable at 
the present low price of imported uranium. 

2.1.2 The International Situation 
Demand and Supply 
The consumption of uranium in the world ( except cen
trally planned economies) is estimated to 39 000 
tonnes, while the production is estimated to 37 000 
tonnes. This does not present a problem, as there are 
about 130 000 tonnes in stocks. 

Market-prices 
Figure 2-1 shows the price situation for uranium dur
ing the last years. Spot prices were low in 1985. 

The average price for long term deliveries in 1984 to 
the European Community was considerably higher 
than spot prices for the same delivery year. 

2.2 CONVERSION 
Conversion is a chemical process for production of 
uranium hexafluoride from uranium concentrates. 

The world conversion capacity is around 52 000 
tonnes of uranium per year while the demand is about 
37 000 per year. 

The Swedish utilities utilize conversion services 
from Canada, USA, United Kingdom and France. 

SEK/kg U 

800 

Long Term Price 

600 

400 

200 

o~ _ _._ ______ __,_ _______ +--~ 

83 1984 1985 

Long term price = Average price for long term deliveries 
to the European Community 

Spot price = Average spot price each month published by 
the German Company NU KEM 

Year 

Figure 2-1. Long term and spot prices for uranium. 
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2.3 ENRICHMENT 
2.3.1 Supply to Sweden 
Up to 1983, enrichment deliveries to the Swedish utili
ties were dominated by DOE in the USA and Tech
snabexport in the USSR. 

The European enrichment industry became price 
competitive in the beginning of the 1980-ies. During 
the period 1983-1985 Swedish utilities signed con
tracts for deliveries from Western Europe, which 
started already 1984. 

For the period 1986-1990, most of the deliveries to 
Sweden will come from EURODIF with an enrich
ment plant in France and from UREN CO with enrich
ment plants in the Netherlands, the United Kingdom 
and in Germany. Deliveries from the USSR will con
tinue as earlier, while deliveries from the US will con
tinue on a reduced scale. This situation gives a reliable 
supply with deliveries from four different companies. 

2.3.2 Market 
The total enrichment capacity now available, around 
34 million SWUs per year is higher than the demand 
for separative work, which can be estimated to 22 
million SWUs in 1985. 

The present capacity will probably be sufficient up 
to the mid-1990. 

2.4 FABRICATION OF FUEL 
ASSEMBLIES 

Fabrication of fuel assemblies is made in Sweden at 
the ASEA-ATOM plant in Vasteras. 

The Swedish utilities are purchasing fuel fabrica
tion services with the objective of lowest cost. This 
procedure has Jed to many orders from ASEA
ATOM, but also orders from the US, Germany and 
France. 

Fuel fabrication at ASEA-ATOM 1985 was around 
145 tonne for Boiling Water Reactors and 80 tonne for 
Pressurized Water Reactors. Of this production, 
about 28 tonne were exported to Finland. 

A normal fuel assembly for a Boiling Water Reactor 
has 63 ( =8 x 8 - 1) fuel rods. 

ASEA-ATOM has developed a new fuel assembly, 
called SVEA, where the fuel rods are divided in four 
groups with 4 x 4 fuel rods in each. These parts are 
separated by a water cross made of zirkaloy. 

The new SVEA fuel element gives a more even 
burn-up, and thus a better possibility to utilize the 
energy from the inner fuel rods. Actually SVEA will 
produce 8-10% more energy than a conventional fuel 
element from a given amount of natural uranium and 
enrichment. 

The introduction of SVEA started five years ago 
with some fuel assemblies for demonstration. In 1985, 
about 270 SVEA fuel elements were loaded in reac
tors and ASEA-ATOM had orders for about 25 re
loads to Swedish and Finnish reactors as well as 6 
reloads in US reactors via a licensing agreement with 
Westinghouse and 6 reloads for a Swiss reactor. 



2.5 NUCLEAR FUEL STOCKPILE 
Swedish Nuclear Fuel and Waste Management Co. is 
on account of the utilities responsible for stockpiling 
enriched uranium and zirkaloy corresponding to an 
electricity production of 35 TWh. This amount has 
been decided by the Swedish parliament. 

Uranium in the abovementioned stockpile, in fuel 
under fabrication and at the nuclear power stations is 
sufficient for about two years of operation of all 12 
units. 

2.6 COSTS 
The costs for the front end supply and services of the 
nuclear fuel cycle in 1985 were as shown in Table 2-1 
(the production of nuclear electricity was 56 TWh in 
1985): 

Table 2-1. Costs for the front end of the nuclear fuel 
cycle. 

Natural uranium 
Conversion 
Isotope enrichment 
Fuel fabrication 
Strategic stockpile 

Total front end 

OFFICE BUILDING 

Electrical power 
and controi systems. 

Million SEK 
SEK/kWh in 1985 

0.011 620 
0.001 60 
0.016 900 
0.006 340 
0.001 60 

0.035 1 980 

AUXILIARIES 
Cooling and clean ~P systems. 
ventilation waste handling. 

Figure3-J. General layoutofCLAB. 
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3 INTERMEDIATE 
AGE OF SPENT 
CLAB 

STOR
FUEL, 

3.1 GENERAL 
The Swedish interim spent fuel storage facility 
CLAB, located on the Simpevarp peninsula adjacent 
to the Oskarshamn nuclear power station was taken 
into active operation on July 11th 1985. 

The facility consists of five underground storage 
pools for in total 3 000 tonnes of uranium. The recep
tion, auxiliary and office buildings are located on 
ground level. See Figure 3-1. The facility is designed 
to receive at least 300 tonnes uranium per year which 
corresponds to about 100 transport flask handlings. 

Main suppliers contracted by SKB in realizing the 
CLAB facility has been ASEA-ATOM (AA), Swe
den, Socite Generale pour Jes Techniques Nouvelles 
(SGN), France and a Swedish building consortium 
consisting of SKANSKA, Aktiebolaget Viigforbiit
tringar (ABV) and Widmark och Platzer (WP). 

The project management has been entrusted to 
0KG AB who is one of the SKB share holders. 0KG 
AB is also the operator of the facility. 

FUEL ARRIVAL 

FUEL RECEPTION 
""'4J.]2 Equipment for. receiving. 

t .. iy,.....1 cooling. deaning and un
- ,)pa ding of transport casks. 

pools 



3.2 COMMISSIONING AND 
OPERATION OF CLAB 

Inactive commissioning started late 1984 and all sys
tems were tested. During spring 1985 integrated tests 
of the different systems were carried out and finally 
the facility was tested under inactive conditions using 
normal transport flask and dummy spent fuel. 

Test reports were on a continued base submitted to 
the Swedish Nuclear Power Inspectorate and the Na
tional Institute for Radiation Protection for their 
evaluation. Finally, a summary test report was submit
ted to the authorities and at the same time SKB asked 
for approval to start-up the plant under active condi
tions. Approval to start active operations was ob
tained on June 19th. The operating permit was tempo
rarily limited to 1985-12-31 and in due time SKB was 
requested to submit a report describing the exper
iences from the first period of active operations. The 
authorities specified a limited number of require
ments which should be followed by special care. 

In the first active test period the capacity was gradu
ally increased to finally reach the nominal annual ca
pacity. 90% of the planned reception of spent fuel has 

been carried out. In addition more flasks than 
planned containing reactor core components have 
been received. 

In general the experiences from the first active test 
period have been favorable. Some minor disturbances 
have occured such as: 

- 3 weeks interruption in fuel reception because of 
defect filter pots in the flask cooling down circuit, 

- suspected defect fuel were detected in the flask 
cooling down system but after sipping of all the 
spent fuel assemblies from that particular flask it 
was considered as non-defect. This operation 
caused some minor delay in the program. 

Based on the successful active test period, SKB 
requested at the end of November 1985, the license 
approval for continued active operation. The license 
given by the authorities is now limited to June 30th 
1986. SKB is requested to submit the results from this 
second test period before receiving a permanent oper
ation license. During this second period the plant will 
be operated at its yearly nominal capacity. 

At the end of 1985 100 tonnes of spent nuclear fuel 
were stored at CLAB. 

Figure 3-2. Aerial view of the CLAB facility. The Oskarshamn nuclear power plants can be seen in the background. 
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Figure 3-3. Transport flask in the fuel reception building at CLAB. 

4 TRANSPORTATION 
SYSTEM 

4.1 GENERAL 
SKB has a sea transportation system for spent fuel and 
all kinds of radioactive materials in operation. The 
system consists of: 

- a specially designed ro-ro/lo-lo ship, 
- 10 transport flasks and its auxiliary equipment for 

spent fuel, 
- 2 transport flasks for reactor core components, 
- 3 specially designed terminal transport vehicles. 

The ship and part of the system was commissioned 
in 1982 and has been used for transportation of spent 
fuel to the reprocessing plant at La Hague in France. 
As from July 1985 the system is mainly used for trans
portation of spent fuel from the reactors to the CLAB 
facility. From 1988 it will also be used for transporta
tion of reactor wastes to the final repository for reac
tor waste, SFR. Special transport containers are being 
designed for the transport of reactor waste. Approxi
mately 40-50 containers will be manufactured during 
the period 1986 - 1988 for that purpose. Each ship 
voyage can carry ten such containers with a total pay 
load of approximately 1 200 tonnes. 
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4.2 OPERATION EXPERIENCE 
Nine sea-voyages each with 4-5 transport flasks have 
been carried out during 1985 to the CLAB facility. 
The operation of the transport system has been suc
cessful, and no disturbances have occured. The crew 
on board the ship M/S Sigyn has so far not received 
any additional radiation doses compared to the nor
mal background level. The time schedule has been 
kept during all the voyages. 

The decay heat in the transport flasks has so far not 
exceeded 15 kW compared to permitted 45 kW, this 
resulting in a surface temperature of 36°C compared 
to permitted 83°C. The spent fuel transported so far 
always had a cooling time after discharge from the 
reactor of more than 2 years. Thus the surface dose 
rate has been low; 0,15 mSv/h compared to 2 mSv/h 
allowed according to the IAEA-recommendations. 

During 1986 some 15-20 voyages are planned for 
transport of spent fuel to the CLAB facility. 



Figure 4-1. MIS Sigyn at the Simpevarp harbour outside Oskarshamn. 

Figure 4-2. Transport flasks in the cargo hold of MIS Sigyn. 
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5 FINAL REPOSITORY 
FOR REACTOR WASTE -
SFR 

5.1 GENERAL 
SKB is at present building a final repository for reac
tor waste, SFR, close to the Forsmark nuclear power 
plant. The repository is situated in crystalline rock 
under the Baltic Sea with a rock-cover of 60 m from 
the caverns to the sea bed. Two 1 km long access 
tunnels have been built from the harbour area to the 
repository. The first construction phase includes four 
160 m long rock caverns and one 70 m high cylindrical 
cavern called "the silo". In a future second phase one 
additional silo is planned together with one or two 
more rock caverns (Figure 5-1). 

Construction work started in summer 1983 and to
day all the tunnels and rock caverns in the first phase 
are excavated and construction of concrete structures 
inside the different caverns has started. After the in
stallation of handling machines and auxiliary systems 
the repository will be commissioned in the beginning 
of 1988. The second phase of caverns is planned to be 
built within 10-15 years. 

5.2 REACTOR WASTE 
The waste which will be disposed of in SFR originates 
from the operation of Swedens twelve nuclear power 
plants and CLAB. This waste contains short-lived ra
dionuclides and can be classified as low- and interme
diate level waste. A small amount of similar waste 

Figure 5-1. Overview of tunnels and storage chambers 
in SFR. 

from research and medical activities will also be dis
posed of in SFR. The total amount of waste from the 
Swedish program up to year 2010 has been calculated 
to 90 000 m'. 

All wastes are conditioned at the power plants or at 
the nuclear research center, Studsvik. Ion exchange 
resins are incorporated in either cement or bitumen. 
Scrap from maintenance work can also be treated in 
the same way if it is required. These categories are 
classified as intermediate level waste and calls for 
shielding during handling and transport. Low level 
waste is treated in different ways and finally enclosed 
in standard freight containers. The total activity con
tent is calculated to be 3 x 106 GBq by year 2010. 
Dominating nuclides are Co-60 and Cs-137. 

Figure 5-2. Tunnel entrances of SFR. 
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5.3 SAFETY ASSESSMENT 
The waste containing most of the activity will be dis
posed of in a concrete silo, surrounded with a clay 
barrier. Together with the low groundwater flow in the 
rock under the sea this ensures a very slow release rate 
of substances from the waste. 

The license for construction of SFR is based on a 
preliminary safety report. The migration of radionu
clides was calculated based on pessimistic assump
tions of the barrier functions. The conservatively cal
culated dose to the most exposed individual was 3 x 
10 6 Sv/year. 

A final safety report will be prepared for the com
missioning of SFR. This report will be based on data 
collected from a research program carried out during 
the construction period including 

- Geological and hydrogeological investigations in 
the repository area. Modelling of the groundwater 
flow. 

- Additional tests of materials for the clay barrier 
around the concrete silo. 

- Studies and tests of processes leading to gas produc
tion and of gas transfer properties of concrete, clay 
and bedrock. 

- Characterization of the various waste packages 
which will be disposed of in SFR. 

- Studies of the chemical environment in the reposi
tory and its impact on the migration of radionu
clides. 
Most of these investigations will be completed in 

1986. 

5.4 GEOLOGICAL AND HYDRO
GEOLOGICAL MODELLING 

During the excavation work a lot of efforts have been 
made to collect data of the geological and hydrogeolo
gical situation in the area. Together with earlier geo
logical surveys now more than 4 km of boreholes have 
been drilled. Geological mapping have been made of 
all tunnels and rock caverns. Hydrogeological tests 
have been performed in the boreholes and ground
water has been sampled and analysed in laboratories. 
The results from these investigations are continuously 
evaluated by a group of specialists. The data are used 
for a three-dimensional modelling of the hydrogeolo
gical situation in the repository area. 

A progress report on this work was presented in 
July 1985. With that report as a base numerical model
ling has been carried out. The results of these calcula
tions indicates that the groundwater flow in the area is 
slower than anticipated in the preliminary safety re
port. The final report on this hydrogeological model
ling will be ready during 1986. 

5.5 DESIGN AND CONSTRUCTION 
SKB has contracted Vattenfall (Swedish State Power 
Board) for the design and construction of SFR. In this 
way the personnel and other resources built up for 
construction of Forsmark nuclear power plant can be 
used. The tunnelling work started in October 1983 
and the tunnels reached the repository area in the 

Figure 5-3. The Silo repository with remote handling of waste packages. 

22 



beginning of 1985. All tunnels and caverns in the first 
phase ( 430 000 m1) were excavated in March 1986. 

In autumn of 1986 the 50 m high concrete silo will 
be built in the cylindrical rock cavern. The concrete 
silo including the internal walls will be constructed in 
one part by use of slipform-technique. The space be
tween the concrete silo and the rock will afterwards be 
filled with bentonite. The bottom slab of one silo is 
founded on a layer of bentonite mixed with sand. 
When the silo is filled with waste the clay barrier will 
be completed with a bentonite/sand layer on top. 

The handling of waste in the silo repository will be 
controlled, remotely, see Figure 5-3. A waste contain
er arrives with an electrically driven terminal vehicle 
and is positioned under a handling machine. This ma
chine runs in a tunnel above the unloading area. The 
container lid is removed by a remote-controlled over
head crane. The waste packages can then be picked by 
the handling machine and transported into the silo. 
After positioning in one of the shafts in the silo the 
waste packages are surrounded with concrete. 

The same type of remote control handling will be 
used in one of the rock caverns. In the others conven
tional fork lift trucks will be used for handling of 
waste packages with a low surface doserate. Manufac
turing of handling machines and overhead cranes has 
started and they will be delivered to the site in the 
beginning of next year. 

The general design of the auxiliary systems is com
pleted. Electrical equipment has been purchased as 
well as pipings for water and drainage systems. The 
ventilation system is also purchased and the installa
tions will start this summer. 

5.6 TIME SCHEDULE AND COSTS 
SFR is planned to be commissioned in the beginning 
of 1988. Today all work is proceeding according to this 
time schedule (Figure 5-4). 

Site investigations H 

The total cost of the first construction phase was 
earlier calculated to be 830 MSEK in current prices. 
Due to a lower cost escalation than foreseen the final 
cost is now expected to be around 790 MSEK. 

5.7 SOME DATA ABOUT SFR 
Table 5-1 gives some basic data about SFR. 

Table 5-1. SFR-data 

First construction phase 
1983-1988 

Excavated rock volume 
Concrete structures 
Steel structures 
Buildings on ground level 
Buildings in rock caverns 
Waste storage volume 

430 000 m 3 

22 000 ffi1 

600 tonnes 
28 000 m' 
22 000 m' 
60 000 m' 

Second construction phase planned 
1995-1998 

Excavated rock volume 
Waste storage volume 

Operational phase 
1988-2013 

Operating personnel 
Reception of waste 
Electrical power supply 
Ventilation system 
Groundwater drainage 

120-170 000 m3 

20-30 000 m3 

20-25 persons 
5-6 000 m'/year 

4 500 kVA 
65-70 m'/h 
30-40 m'/h 

PSR FSR 
Safety assessments 

License for construction 
and operation 

Detail design 

Construction, phase 1 

Construction, phase 2 

Testing and 
commissioning 

Control programme 

- -- ... .... ,. ... -
-- -~ 

... 

-· 
. ... ... .... •... ... 

1980 82 84 86 88 90 

--
. ... •··· ... ~--· ~--· .... .... .. . -.. 

92 94 96 98 2000 

PSR ; Preliminary safety report 

FSR ; Final safety report 

Figure 5-4. Time schedule for SFR. 
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6 RESEARCH AND 
DEVELOPMENT 

6.1 GENERAL 

The research and development program of SKB start
ed in 1976-77, when a new law, the Stipulation Act, 
was passed by the Swedish Parliament. This law was 
specific to the final disposal of high level waste from 
nuclear power plants. It stipulated that the owner of a 
reactor must show to the satisfaction of the govern
ment how and where high level waste or spent nuclear 
fuel can be finally disposed of in a safe manner. The 
evidence submitted by the owner must be approved 
before the first loading of fuel to any new power reac
tor. The act thus required demonstration of feasibility 
of a safe disposal method but not an optimized solu
tion. The provisions in the Stipulation Act were re
placed by similar provisions in the Act on Nuclear 
Activities which went into force on February 1, 1984. 

To fulfill the legal requirements the utilities with 
nuclear power plants started the KBS-project in late 
1976. The project-group was later organised as a divi
sion within SKB and since January 1, 1985 the re
search and development program is managed by the 
"Division of Research and Development". The orga
nization and staff of this division as of January 1986 is 
given in Appendix 1. 

The main task of the R&D staff is the planning, 
initiation and coordination of the work and compila
tion and documentation of results. More than two 
hundred experts and consultants at universities, in
dustry and other companies are engaged in various 
aspects of the R&D-work. In order to get a thorough 
review and discussion of results and methods as well as 
a constructive feedback to the program, the progress 
and results are published as SKB Technical reports 
and in appropriate scientific publications. 

In 1979 and 1980, four new power reactors were 
granted fuel loading permits according to the Stipula
tion Act. These permits were based on a report 
(KBSl) describing how and where vitrified high level 
waste from reprocessed spent nuclear fuel could be 
finally disposed of and also on reprocessing contracts 
with COG EMA in France. In 1984 two additional new 
reactors were granted fuel loading permits this time 
according to the Act on Nuclear Activities. The basis 
was the KBS-3-report published in May 1983. This 
study describes a method for final disposal of unrepro
cessed spent nuclear fuel from light water reactors. In 
addition the permit was based on a program for re
search and development tied to the method described 
in the KBS-3-report. 

The KBS-reports were scrutinized by a large num
ber of reviewers both in Sweden and abroad, at the 
request of the Swedish government. The review pro
cess gave many valuable comments which have been 
taken into account in the subsequent research pro
gram. 
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6.2 OBJECTIVES OF THE 
R&D-PROGRAM 

The overall objective of the SKB R&D-program is to 
acquire knowledge and data and to develop methods 
which are needed for a safe and credible disposal of 
spent fuel and radioactive waste at a reasonable cost. 

The research done by SKB up to 1984 was mainly 
concerned with demonstrating the feasibility of dis
posal in Sweden. The efforts were concentrated on a 
specific method for final disposal of non-reprocessed 
spent nuclear fuel. The end product of these efforts 
was the KBS-3-report as already mentioned. 

The safety analysis in KBS-3 is based on several 
pessimistic assumptions and methods. Circumstances, 
barriers and factors which are unsufficiently known 
are not accounted for if they work towards increased 
safety. Analysis methods and data are persistently 
chosen to give an upper limit for the calculated conse
quences. The method described in KBS-3 should 
therefore be "over-safe" in the sense that there are 
substantial safety margins which have not been quan
tified. 

By well planned R&D-work the knowledge can be 
considerably improved in many areas of importance 
for the repository design and for the safety assess
ment. The improved knowledge could be used for 

- optimization of the disposal method and accomoda
tion to specific site conditions, 

- more flexible choice of geological conditions, 
- increased knowledge of real safety margins, which 

contributes to increased credibility. 

The optimization must account for safety, economy, 
credibility and acceptance by society of the disposal 
system that finally is going to be built. 

The general long range time table for the realiza
tion of a final spent fuel repository in Sweden is given 
in Figure 6-1. The research program is aiming at es
tablishing a basis for a site specific license application, 
which would be submitted around the year 2000. By 
that time a system optimization should be completed 
and a system adapted to the site be presented. 

The future evaluation with respect to safety and 
credibility will require a convincing site specific safety 
analysis, evidence that the site has the predicted and 
required conditions and that these conditions will pre
vail during a long time period. 

The optimization with regard to safety and costs 
will require the development of simplified concepts 
and flexibility, in particular with respect to siting of 
the repository. 

The previously mentioned requirements mean that 
all those phenomena that could affect the nuclide dis
persal must be studied in sufficient detail to assess the 
impact on the overall safety. The dominating phenom
ena must in addition be described and modelled in 
sufficient detail that an optimal repository design can 
be chosen and its safety accounted for. 

The following main subjects are of great impor
tance for a repository located in Swedish bedrock and 
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Figure 6-1. General time-table for realisation of a fi
nal repository for spent fuel. 

are included in our research program: 

- The stability of the bedrock. 
- Groundwater chemistry and its interaction with de-

posited nuclear waste. 
- Methods to isolate the waste or to diminish the 

interaction between waste and groundwater. 
- Selection of site with respect to groundwater flow 

and radionuclide transport in the rock. 
- Methods to deposit, refill and seal a repository with 

assurance that the materials or methods used will 
not degrade the isolating properties of the system. 

- Radionuclide dispersal in the biosphere in order to 
assess the radiological consequences. 

The work in the above areas is needed to under
stand pertinent processes, to develop models describ
ing these processes and to assemble databases of suffi
cient quality. 

Research is also needed in order to develop e.g. 

- Methods and models for systematic analyses of bar
rier function. 

- Instruments for geophysical and geochemical mea
surements. 

- Methods for fabrication and/or application of engi
neered barriers and for quality control. 

The planning of the research program is made with 
the following subgoals enroute to a siting permit. See 
Figure 6-2. 

1. After 1990 2-3 sites should be selected for detailed 
investigations, which are needed for a siting per
mit. On at least one of these sites a shaft must be 
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constructed. The detailed investigations including 
shaft construction will take 5-7 years. 

2. About 1995 the final system and materials for engi
neered barriers should be selected. This would 
then be the basis for any in-situ-demonstration-test 
that may be required. 

3. About 1998 at least one site specific system opti
mization should be completed. 

4. About 2000 a preliminary safety report should be 
completed as a basis for a siting permit application. 

For the short term and during the next five years this 
means 

- that the preliminary site investigation program on 
about 10 different typical sites must be completed. 
Rock-types and sites which are of any interest from 
various points of view should be represented in this 
program, 

- that the development of models and methods for 
systematic safety assessment should reach a level 
where different sites could be compared in a mean
ingful way with respect to properties important for 
safety. This means particular emphasis on models 
for groundwater flow, 

- development of program, methods and instruments 
which are needed for detailed site investigations 
during the 1990-ies, 

- research on alternative materials and methods for 
engineered barriers, 

- studies of repository design in order to evaluate 
possibilities to adapt various alternatives to local 
geological conditions at different sites. 

As the spent nuclear fuel, the groundwater and the 
crystalline bedrock are components of any possible 
design of the repository the research program must 
also include studies of these components and interac
tion between them. 

6.3 INTERNATIONAL 
COOPERATION 

Cooperation and exchange of information on an inter
national or bilateral basis is an integrated part of the 
R&D-activities of SKB. 

International development in the field has been fol
lowed through participation in a number of confer
ences, where papers by SKB or its consultants have 
been presented, see Appendix 2. Staff member of 
SKB and experts engaged by SKB have also partici
pated in activities within the IAEA and the OECD/ 
NEA. 

SKB has bilateral information exchange agree
ments with USDOE, AECL-Canada, NAG RA-Swit
zerland and CEA-France. A similar agreement with 
Euratom has been concluded and will be signed in 
early 1986. Information exchange without formal 
agreements has been made with organisations in the 
Federal Republic of Germany, Belgium, United King
dom, Japan and Finland. 
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4 Application for siting licence based on preliminary safety report 2000 

Figure 6-2. Timetable for selection of repository system and site. 

During 1985 Swedish specialists and consultants to 
SKB worked for longer or shorter periods at research 
laboratories in France (CEA, Fontenay aux Roses) 
and USA (Lawrence Livermore Laboratories, Colo
rado School of Mines). In a similar way foreign ex
perts have been working at Swedish research institu
tions within the framework of the SKB Research pro
gram. 

The multinational OECD/NEA project at Stripa, 
managed by SKB, has progressed according to sched
ule and a proposal for a phase 3 of the project is now 
being prepared. The following countries are partici
pating in the Stripa project: Canada, Finland, France, 
Japan, Spain, Sweden, Switzerland, United Kingdom 
and the United States. See further Chapter 16 of part 
U. 

The phase IV of the JSS project for studies of radio
active glass jointly sponsored by CRIEPI, Japan, NA
G RA, Switzerland and SKB, Sweden has been run
ning according to plans and most of the experimental 
work is finished. A final phase V of the project is being 
discussed. See further Chapter 10 of part II. 

SKB is participating in the international HYDRO
COIN-project which is coordinated by a secretariate 
set up by the Swedish Nuclear Power Inspectorate and 
OECD/NEA. 

In 1985 the Materials Research Society's Ninth In
ternational Symposium on the Scientific Basis for Nu
clear Waste Management was organized by SKB, and 
was held September 9-11, in Stockholm. This sympo
sium was the second one in this series held in Europe 
and it replaced the annual symposium, since 1978 in
cluded in the Materials Research Society's Fall Meet
ings in Boston. This series of symposia is widely recog
nized for providing a unique opportunity for an inter-
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national gathering of scientist of different disciplines 
for discussions on the scientific basis for nuclear waste 
management. At the Stockholm meeting 93 papers 
were presented to 275 participants from more than 10 
countries. The presentations covered practically all 
materials science aspects of nuclear waste manage
ment research. 

Besides the Materials Research Society and SKB, 
the symposium was sponsored by: 

U.S. Department of Energy 
U.S. Nuclear Regulatory Commission 
The Swedish National Board for Spent Nuclear Fuel 
The Swedish Nuclear Power Inspectorate 
The National Institute for Radiation Protection 

6.4 SUMMARY OF RESEARCH 
ACTIVITIES DURING 1985 

The main research activities during 1985, as for the 
previous year, are part of a program based on the 
experiences from the KBS-3 study and the comments 
received in the review of that report. In addition some 
studies related to alternative concepts to KBS-3 have 
been initiated. 

A comprehensive description of the research and 
development in different areas is given in part II of 
this report. A brief summary is given below. 

6.4.1 Materials 
Experimental studies of spent fuel leaching is an im
portant part of the program. The experiments are 
made mainly at Studsvik, where additional equipment 



for characterization and examination of spent fuel has 
been installed. SKB also continues to organize annual 
workshops on spent fuel with participation of specia
lists from those countries that are active in this area. 

The experiments have indicated that the uranium 
concentrations in solution are solubility controlled 
and further studies of the importance of solubility 
constraints in spent fuel leaching have been started 
under both oxidizing and reducing conditions. 

Studies on waste glasses are being continued within 
the JSS-project. They include experimental as well as 
theoretical studies of waste glass leaching under re
pository conditions. 

Studies on possible canister materials have, in the 
SKB-program, been concentrated on copper. During 
1985 further studies on the Hot Isostatic Pressure
process (HIP) have been made. They have concerned 
the modelling of the HIP process and metallographi
cal studies of the copper material produced through 
HIPing. 

6.4.2 Engineered barriers, design and 
technology 

No specific studies on repository design have been 
made. However, alternative concepts for final dispos
al have been reviewed by SKB during 1985 as a prep
aration for setting-up the new R&D-program that will 
cover also alternatives to the KBS-3 concept. 

The "Buffer Mass Test" in Stripa was completed in 
1985. The experiment has shown that the bentonite 
fills all voids after water saturation and swelling. Pre
viously obtained laboratory data have thus been veri
fied. 

The canister settlement in a deposition hole filled 
with dense smectite clay has been studied theoretical
ly and experimentally. Theory and experiments are in 
good agreement. A settlement of less than 1 centi
meter in a million years is predicted. Further testing 
over a longer time-period at 70°C is planned. 

Preparations have been made for experimental 
studies of tectonically induced shear of a canister in a 
deposition hole. 

Promising pilot-tests have been made in sealing wa
ter-bearing fractures by injection of clay and cement 
slurries. 

6.4.3 Chemistry 
The research in this field spans over a wide range of 
chemistry-related areas like groundwater chemistry, 
radionuclide chemistry, nuclide transport modelling 
and validation of models by help of natural analogue 
studies. 

The quality of groundwater sampling and analysis 
has improved considerably after the introduction of a 
mobile field laboratory in connection to downhole 
water sampling and measurements. 

Hydrochemical investigations in crystalline bed
rock in relation to existing hydraulic conditions at the 
test sites have been reexamined. Hydrogeological 
conditions have a strong influence on the sample qual-
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ity. The results of this examination will be used to 
guide further improvements of sampling equipment 
and data evaluation. 

Geochemical calculations of the effect of heat on 
the minerals in the near-field have been made. In 
particular, no evidence for an evolution of bentonite 
to an illite type of clay was detected in calculations for 
25°C and 100°C. 

The solubility and speciation of actinides like nep
tunium and plutonium are being studied in coopera
tion with the French CEA. 

The importance of colloides, organic complexes 
and microbes for the migration of .radionuclides is 
being investigated. Studies on sorption and diffusion 
phenomena in migration processes are also contin
ued. A considerable amount of experimental evidence 
have now been accumulated on the diffusion proper
ties of the micropore system in crystalline rocks. 

The theoretical modelling of radiolysis effects is 
being tested against evaluated examples and experi
ments. 

The chemistry of radionuclides in concrete is given 
increased attention in view of that concrete might be 
used as an alternative backfill material. 

A further development of nuclide transport models 
is being made. Channeling effects and their impor
tance for the dispersion of radionuclides have been 
studied. Coupling between geochemical and hydrolo
gical models is also studied. 

Validation of transport models and the phenomena 
they imply is an important area for research. Labora
tory experiments, in situ tests and natural analogue 
studies are being used to study important phenomena 
and to compare with model predictions. Much of this 
work is being made and planned in international co
operation and it may be foreseen that efforts in this 
area will continue to increase. Results will provide a 
basis for enhanced confidence in model predictions 
and long-term safety assessment. 

6.4.4 Geoscience 
Site-characterisation studies have been continued and 
one new site, Klipperasen, has been almost complet
ed during 1985. Some studies related to gabbroic rock 
have also been made. Start of drillings at the Kolsjon 
site (gab bro) have so far failed due to public opposi
tion. 

A 4-year program on studies of fracture zones has 
been initiated. The ultimate aim is to get an improved 
understanding of the importance of fracture zones for 
nuclide transport from repository depth to the envi
ronment. Field studies have been started at the 
Finnsjo area and at Avro in the Simpevarp area. 

The application of radar techniques have been 
further developed and improved. Penetrations up to 
160 m have been achieved under favourable condi
tions. 

A dilution probe for measurement of natural 
groundwater flow at depth in boreholes has been de
veloped. 

The important task of modelling groundwater flow 



regimes is given special attention. Existing models are 
being used in intercomparison and validation projects 
like at URL, Canada and in the international HY
DROCOIN-project. Studies of statistical methods in 
hydromodelling and data evaluation are also under
way. 

6.4.5 The biosphere 
Biosphere characterization and measurements of 
natural radioactivity have been performed at two 
study sites, Bjulebo and Klipperasen. 

To study the natural ageing in groundwater recipi
ents the investigations of changes in physical and 
chemical characteristics of lakes and Baltic bays with 
time have continued during 1985. 

6.4.6 Safety evaluations 
During 1985 the work in the area of safety and perfor
mance assessment has continued along the lines layed 
down after the finalization of the KBS-3 study. That 
imply the development of performance assessment 
tools satisfying a set of different needs for making 
R&D priorities, design optimization, site screen
ing/ranking and repository licensing. 

A probabilistic systems analysis code (PROPER) is 
being developed by SKB. During 1985 work on the 
PROPER code has concentrated on the development 
of an efficient executive program and simplified sub
models for the near-field and the far-field. 

Also, further development of the comprehensive 
assessment models used in KBS-3 as well as new ones 
is taking place. Continuous improvement of the qual
ity and the documentation of models, computer codes 
and programming is also an important part of the 
program. 

6.4. 7 The Stripa project 
The Phase 2 of the international Stripa project, run
ning since 1983, is planned to be completed in 1986. 
Currently, negotiations are under way regarding a five 
year prolongation, Phase 3, of the Stripa project, 
starting in 1986. 

During 1985 the research at Stripa has been concen
trated to the following areas: 

- detection and characterization of fracture zones, 
- radionuclide migration and groundwater character-

istics, 
- behaviour of bentonite clay as a backfilling and 

sealing material. 

The possibility to perform large scale experiments 
under realistic conditions at Stripa and the develop
ment of instruments and methods within the Stripa 
project continues to be of great importance for the 
SKB-program on nuclear waste disposal. 
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6.4.8 Documentation 
A computerized data base is under development at 
SKB. It will contain data generated at the geological 
site-investigations and projects within the R&D-pro
gram. One of its aims is to systematically collect and 
store data sets in a common data base, that is readily 
available to scientists doing R&D- and assessment 
work. 

7 SYSTEM PLANNING 
AND COST CALCU
LATIONS 

7.1 SYSTEM PLANNING 
ACTIVITIES 

The waste management system described in Chapter 1 
is the basis for the planning of the work to be per
formed within SKB, concerning R&D and Facilities. 
As some of the steps will not be implemented until 30 
years from now changes in the system are very prob
able. 

Within the division of Planning and Systems Analy
sis studies of possible changes in the system are made, 
primarily with respect to their impact on the technical 
solution and on the costs. The safety aspects are cov
ered by the R&D-division. The purpose of the studies 
is to find a system design that, while fulfilling the 
safety requirements gives an acceptable total cost. 

7 .2 REPROCESSING 
SKB and the Swedish utilities have concluded agree
ments with COGEMA and BNFL for the reprocess
ing of a total of 729 ton uranium. This corresponds to 
less than 10% of the total amount of fuel scheduled to 
be used within the Swedish program. 

For the remaining 90% the plan has been to do 
direct disposal without reprocessing. Two important 
milestones on this route have been the construction of 
the CLAB and the approval by the government of the 
KBS-3 method for direct disposal of spent fuel. 

This once-through strategy has been judged to be 
the most rational and cost-effective solution in Swe
den under the prevailing conditions. It is also, at pre
sent, the politically preferred option. 

To simplify the system and to avoid to build sepa
rate facilities to take care of the waste from reprocess
ing, SKB is now actively trying to transfer the repro
cessing contracts with COG EMA to other customers. 
In 1985 178 tonnes were transferred to a Japanese 
utility. 

With the same purpose an agreement has been 
made with four utilities in the Federal Republic of 
Germany to exchange fuel. The German utilities will 
take over the 57 tonnes of Swedish spent fuel presently 



stored at La Hague awaiting reprocessing. In ex
change SKB will receive 24 tonnes of Mixed Oxide 
(MOX) fuel for interim storage in CLAB and subse
quent final disposal. The licensing procedure for the 
exchange is in progress. 

7 .3 COST CALCULATIONS 

7.3.1 Plan-85 
According to Swedish law all costs for the manage
ment of radioactive waste, including the decommis
sioning of the nuclear power plants, have to be born 
by the owners of these plants. The costs are covered 
by a fee determined annually by the government. 

The basis for the fee is a cost calculation of all the 
activities for the back-end of the nuclear fuel cycle, 
which is carried out by SKB each year /7-1/. The cost 
calculation is based on the scenario for the back-end 
activities described in Chapter 1.3. The cost calcula
tions include the costs for construction, operation and 
decommissioning of all necessary facilities and equip
ment. These are: 

- Transport system; 
- Interim storage for spent fuel, CLAB; 
- Interim storage for reprocessing wastes; 
- Encapsulation station; 
- Disposal facility for spent fuel, high level waste and 

other long-lived wastes; 
- Disposal facility for reactor operation wastes and 

decommissioning wastes, SFR. 

Also included are the costs for R&D, for reprocess
ing services (for 690 ton U), and for the decommis
sioning and dismantling of the nuclear power plants. 

The estimated future costs, at the price level of 
January 1985, are about SEK 42 billion. Up to and 
including 1985 already SEK 4.3 billion have been 
spent. This figure includes costs for CLAB, SFR and 
the transportation system as well as for reprocessing 
services and the R&D-program. The total cost for the 
back-end of the nuclear fuel cycle in Sweden is thus 
about SEK 46 billion. The value of the corresponding 
electricity produced at the nuclear power plants is 
about SEK 500 billion. 

Many of the costs will be incurred fairly far in the 
future. The total expenditures will be spread out over 
a period of more than 70 years. Figure 7-1 gives a 
rough account of the distribution of costs in time. 

If the reprocessing costs are excluded, the break
down of costs is roughly: 

Transportation of wastes 

Interim storage of spent fuel 

Encapsulation and final disposal of 
spentfuel and long-lived wastes 

Final disposal of operational and 
decommissioning wastes 

Decommissioning and dismantling of 
nuclear power plants 

Miscellaneous incl. R&D and pilot 
facilities 

7% 

20% 

34% 

4% 

27% 

8% 
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Figure 7-1. Approximate distribution in time of 
future waste management costs for Sweden's nuclear 
power program. 

The cost calculations are based on a preliminary 
design of the different facilities. In this work the ex
periences gained from the construction of the CLAB 
and SFR facilities are very valuable as background for 
the cost data. 

7 .3.2 Waste management fee 
Based on the cost calculations the government has 
decided that the fee for 1986 should be SEK 
0.019/kWh, which corresponds to a total cost for the 
Swedish nuclear utilities of SEK 1.2 billion/year. The 
same fee was used in 1985. The fee is paid into funds, 
one for each utility, at the Bank of Sweden. The funds 
are administered by the state authority, SKN (The 
National Board for Spent Nuclear Fuel), which also 
allocates money from the funds to the various waste 
management activities performed by SKB. 

7 .3.3 Variation analysis 
The cost calculations that are made to establish the 
fee are generally based on very cautious assumptions 
about the waste management system, e.g. no credit is 
taken for possible cost reductions that can be achieved 
through scientific and technological development. A 
potential, however, exists for actual cost reductions 
when the different parts of the system will be realized. 
To investigate this potential, cost calculations are also 
made with changes in the assumptions about e.g.: 

- location of encapsulation and disposal facility; 
- lay-out of disposal facility; 
- encapsulation method and material; 
- heat generation and its distribution in the reposi-

tory; 
- time schedule. 

These studies also have the purpose of giving advice 
to the R&D-planning. 



7.4 DECOMMISSIONING 
The costs for decommissioning and dismantling the 
nuclear power plants make up about 1/4 of the total 
back-end costs. This figure is based on an old study. 
During 1985 SKB initiated a new decommissioning 
study, the results of which will be included in the 1986 
cost calculations. The study covers all the Swedish 
reactors and is performed by a working group from 
the utilities. 

SKB is presently not doing any R&D-work on de
commissioning. As all the commercial nuclear power 
plants will be in operation for more than 20 years still, 
the development of special methods and equipment 
will not begin until the turn of the century. To follow 
the development in other countries, however, SKB is 
engaged in an international cooperative program 
sponsored by the OECD/NEA. 

7.5 TIME SCHEDULE 
The present time schedule for the waste management 
in Sweden is based on the assumption of 40 years 
interim storage of the spent fuel in CLAB before dis
posal. This means that encapsulation and disposal will 
start around 2020. This time schedule could be 
changed and a study has been made of the impact of 
possible changes on the planning, safety and costs 
17-2/. 

It was found that with regard to the time necessary 
for site investigations, optimization of design and li
censing, it would be feasible to start disposal already 
around 2005, i.e. 15 years earlier. Such a change in the 
time schedule would not affect the safety of the sys
tem. 
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It was also shown that the interim storage period for 
the spent fuel could probably be prolonged to at least 
100 years without any effect on the safety. 

The total costs for the waste management system 
was found not to be very sensitive to changes in the 
time schedule. The increasing storage costs are offset 
by decreasing disposal costs. 

It was thus concluded that the present time sched
ule gives a reasonable starting point for the planning 
of the activities necessary before start-up of the final 
disposal. 

8 CONSULTING SERVICES 

The achievements in the Swedish nuclear waste man
agement program have raised an international inter
est. This interest has focused on the findings reported 
from the KBS project and on the implementation of 
CLAB, SFR and the transport equipment as parts of a 
total back-end system. With regard to this interna
tional interest in Swedish know-how and experience 
in the nuclear waste management field the owners of 
SKB in 1984 decided to organize a small group within 
the company for marketing and coordinating consult
ing services. 

Through cooperation with the different specialized 
associated groups and individuals, which have con
tributed to the Swedish program for several years, it is 
possible to offer services in almost every discipline 
involved. The scope of services covers theoretical 
studies and laboratory work as well as field investiga-

Swed Power 

Consulting 
Services 

Nuclear Waste Management 

SKB 
and Associated Groups 

Project 
Teams 

Clients 
Expert 
Groups 

Figure 8-1. Organisation of consulting services. 
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tions including the supply of advanced instrumenta
tion and evaluation of results. Also services regarding 
licensing, design, construction, commissioning and 
operation of waste facilities are included in the scope. 

Beside the commercial interest a main reason for 
starting up the consulting activities within SKB has 
been the possibility to stimulate an improvement and 
broadening of the knowledge and experience among 
the groups involved. 

SKB has an open and extensive international infor
mation exchange based on bilateral agreements with 
corresponding organizations in other countries (see 
Chapter 6.3). SKB regards this information exchange 
as very important and will carefully avoid that com
mercial interests shall disturb this open exchange. 

From 1986 the consulting services from SKB and 
Associated Groups will be coordinated with the con
sulting activities of SwedPower. SwedPower has the 
same main owners as SKB and markets know-how 
and experience in the entire energy field. This coordi
nation will strengthen SKBs competence and capac
ity, specially regarding facility design, construction 
and operation. 

The general principles for the organization of con
sulting services based on the Swedish know-how and 
experience in the nuclear waste management field is 
shown in Figure 8-1. 

Marketing activities and discussions with potential 
clients have so far been a considerable part of the 
work. 

Umbrella agreements for consulting services have 
been signed with Industrial Power Company Ltd 
(TYO) in Finland and Taiwan Power Co., Taiwan. 
Some assignments have been accomplished also in 
Switzerland and USA. 

9 INFORMATION AND 
PUBLIC AFFAIRS 

9.1 GENERAL 
The Swedish system for handling and disposal of ra
dioactive residues is planned and designed to meet a 
very high standard in terms of occupational health and 
safety and environmental impact. It also satisfies the 
requirement that no undue burden should be laid on 
future generations and that only proven techniques 
should be used. 

The nuclear debate and the parliamentary decision 
have contributed to the fact that Sweden today has 
developed a fairly complete system for the back-end of 
the nuclear fuel cycle, not only from a technical point 
of view, but also with regard to legal, administrative 
and financial aspects. 

Information to the public concerning facilities and 
the safety of the systems is a very important part of the 
waste management program. The most crucial issue at 

31 

present is the decision on detailed site investigations. 
In order to achieve acceptance of the site for a final 
repository at the end of the 1990s extensive informa
tion will have to be furnished both locally and on a 
national level. 

According to recent polls of public confidence there 
is almost an equilibrium between those who believe 
that the radioactive waste can be safely handled and 
disposed of and those who think it cannot. This is an 
improvement compared to earlier surveys. 

Although Sweden has more positive figures in this 
respect than most other countries, the implementa
tion of the waste management system will not be pos
sible unless it is accepted by the general public. 

9.2 SKB INFORMATION 
ACTIVITIES 

SKB has already since it started its R&D-program on 
waste disposal in 1977 informed the public on its ac
tivities. The aim has been to give a clear and balanced 
description of the main issues concerning nuclear 
waste and its disposal. 

During 1985 a department of public affairs has been 
established within SKB in order to broaden the gene
ral information about SKB activities and their relation 
to the Swedish nuclear power program. A coherent 
information program for the future is now being 
worked out. It is based on the awareness that the 
public is entitled to open and clear information about 
handling and disposal of nuclear waste, as well as 
about the plans and program of SKB. 

Great interest has been shown by the press for the 
SKB activities. Press conferences were arranged at 
the start-up of CLAB on July 11th, on June 4th at the 
STRIPA symposium, which was arranged by OECD
INEA and SKB in Stockholm, and at a ceremony 
when MIS Sigyn was reregistered to sail under Swed
ish flag. 

There has also been a number of interviews and 
programs on Swedish radio and television with the 
participation of SKB. 

A large number of visitors have been received at the 
SKB facilities (CLAB, Stripa and SFR) during the 
year, amongst them more than 50 groups of foreign 
specialists. Schools and the general public have also 
frequently visited the facilities. 

Information material such as brochures, video films 
etc is being produced on a continous basis. Available 
brochures and videofilms in English are listed below. 

Brochures 
* SKB - Activities 
* SKB - SFR Final Repository for Reactor Waste 
* SKB - CLAB Central interim storage facility for 

spent nuclear fuel 
* MIS Sigyn 
* STRIPA a deep underground research facility for 

nuclear waste disposal 
* Data on nuclear power and waste 



Videofilms 
* Progress of the Stripa Project 
* A Final Repository at Forsmark 
* CLAB in Action - Central Storage for Spent Nu

clear Fuel 
* Looking deep into the rock ( describes geological 

site-investigations) 
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10 MATERIALS 

10.1 SPENT FUEL 
As for 1984, the main activities on wasteforms have 
also for 1985 been concentrated on spent fuel. The 
close contacts with other groups in the world perform
ing similar studies have continued. This year the an
nual workshop on spent fuel, the fifth one in the on
going series, was held in Sweden and arranged by 
SKB. 

A series of spent fuel leaching experiments were 
started in Studsvik 1982. These experiments are now 
nearly finished although several specimens are still 
exposed to distilled water and groundwater after accu
mulated contact times exceeding 1,200 days. In addi
tion to these studies, experiments aiming at elucidat
ing the importance of solubility constraints and radio
lysis have been completed /10-], 10-2/. 

New equipment necessary for characterization and 
examination of spent fuel with respect to its leaching 
performance has now been installed in Studsvik. 

10.1.1 Solubility constraints 
The spent fuel leaching experiments have indicated 
that the uranium concentrations in solution are solu
bility controlled. Even after contact times exceeding 
1,000 days, the measured concentrations are in the 
range of 1-2 ppm, i.e. the same as after only a few 
weeks contact time, see Figure 10-1. In order to check 
the observed apparent solubilities, a replenishment 
experiment was designed. Fuel segments as well as 
two fractions of fuel fragments were exposed to syn
thetic groundwater and at preset times 20% of the 
solution was removed and the leach vessels were re
plenished with virgin solution. The results are shown 
in Figure 10-2. 

As can be seen in the figure, the Cs curves display, 
as expected, the initial release of about 1 % of the 
inventory, whereupon the measured concentrations 
almost follow the 20% successive dilution curve (indi
cated as a dashed line in the figure). It should also be 
observed that there is no marked difference in Cs 
release between the fuel fragments and the fuel seg
ments, i.e. the specimens where the fuel/clad gap in
ventory is present. 

The uranium results are somewhat surprising. For 
the fuel fragments, the leach fractions agree well with 
previous observations, while the fuel/clad segments 
showed increased dissolution of U initially and then 
concentrations in solution decreasing roughly follow
ing the 20% dilution curve. This is believed to be due 
to increased surface oxidation of the segment speci
mens, having been stored in air for two years prior to 
leaching. 

As the results of the experiments were, in some 
respects, indecisive, new studies of the importance of 
solubility constraints in spent fuel leaching have been 
started. 
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Figure 10-1. Measured concentrations of uranium in 
leach solution centrifugates as a function of time. 
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10.1.2 Low burnup fuel: a-radiolysis 
experiments 

Although deep granitic groundwaters are expected to 
be highly reducing, it has been postulated that local 
oxidizing conditions, caused by a-radiolytic decompo
sition of water, may be created in a thin aqueous film 
adjacent to the fuel surface, giving rise to a dissolution 
of the fuel under oxidizing conditions. 

Table 10-1. Comparison of ARL values for "a-radioly
sis" experiments under oxidizing and re
ducing conditions. 

ALR (FIAP/d) (x 106) 

Contact time ( d) 22 15 28 55 

Oxidizing conditions 

u 5.1 3.9 3.7 2.5 
Cs-137 23.6 6.8 4.9 3.9 
Sr-89 5.2 5.6 4.1 2.6 
I-131 4.1 4.1 4.1 2.6 
Ba-140 3.9 4.4 2.7 1.4 
Pu 1.0 1.0 1.0 1.0 

Reducing conditions 

u 0.04 0.03 0.04 
Cs-137 1.6 0.8 0.7 
Sr-89 0.36 0.24 0.21 
I-131 1.7 ND ND 
Ba-140 0.53 0.39 0.22 
Pu 0.05 0.02 0.07 

ARL = Apparant leach rate 
FIAP = Fraction of inventory in aqueous phase 

In a first experiment to study the influence of a-radio
lysis, comparative investigations were performed us
ing low burnup fuel (0.5 MWd/kgU). This low burnup 
fuel had about the same B- and y-activity as the high 
burnup fuel, but an a-activity about two orders of 
magnitude lower. 

The results for oxidizing and reducing conditions 
(obtained using H2-gas and palladium catalyst) are 
presented in Table 10-1 as apparent leach rates. In
spection of the results lead to the following conclu
sions: 

a) The measured U concentrations were higher than 
expected from comparison with high burnup fuel. 

b) Cs, Sr, I and Ba appeared to dissolve congruently 
with the UO2 matrix. 

c) The decrease in leach rates under reducing condi
tions were of the same order as those obtained with 
the high burnup fuel. 

At present it seems unlikely that the presence ( or 
absence) of a-radiolysis can be advanced as the cause 
of these observations. 
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10.2 WASTE GLASS 
The studies of waste glasses are performed almost 
entirely within the JSS-Project. (A joint project be
tween SKB, NAGRA, Switzerland and CRIEPI, Ja
pan.) The last remaining SKB studies in support of the 
JSS-Project have been completed and reported /10-3, 
10-4/. 

10.2.1 JSS-project 
The Phase II of the project has been completed and 
reported /10-5/. The Phase II contained studies on the 
interactions between glass and bentonite and steel 
corrosion products. These studies are now continued 
in Phase IV. The general conclusion to be drawn from 
Phase II is that the effects of additional products in the 
near field must be investigated more specifically be
fore any long range predictions of waste glass behav
iour under repository conditions can be made. This is 
now being done in Phase IV. 

Phase IV involves the development of a predictive 
model for glass dissolution under repository condi
tions. This work is still going on, and updates of the 
status as well as the experimental background are 
given in /10-6/ and /10-7 /. As to date the model has 
been developed to include leaching of a highly radio
active glass in the presence of bentonite. The model is 
based on two submodels: a thermodynamical model 
for glass corrosion in groundwater and an equilibrium 
model (ion exchange, solubility) for the benton
ite/water system. Rate and stability constants and po
tential secondary alteration products are derived from 
a thermodynamic and kinetic analysis of experimental 
results. Using these data, both submodels describe 
adequately the experimental reality for a variety of 
repository conditions as can be seen in Figures 10-3 
and 10-4. 

Preliminary studies of using natural basaltic glasses 
as natural analogues for long-term validation of the 
model have also started /10-8/. 
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10.3 CANISTER MATERIALS 

During 1985, the only studies of any importance have 

been concentrated on copper as canister material, 

10.3.1 Copper 
As a result of the KBS-3 reviews, some areas for addi

tional studies have been identified, namely: 

- Studies of pitting in copper under reducing condi-
tions, 

- Inorganic reduction of sulphates to sulphides, 

- Achieving better creep data for copper, 
- Continued studies of Electron-Beam-welding of 

copper. 
- A better understanding of the Hot Isostatic Pres

sure-process and the copper material produced 

through HIPing of copper. 

Although work is in progress in all these areas, only 

the HIPing studies have made substantial progress 

during 1985. 

10.3.2 HIPing of copper 
During 1985, the HIPing studies of copper have con

cerned the modelling of the HIP process /10-9/ as well 

as metallographical studies of the copper material 

produced through HI Ping /10-10/. Over the last few 

years a number of investigators have contributed to 

advance the understanding of the mechanisms opera

tive in the densification during HIPing. Such mecha

nisms involve diffusional redistribution of matter, 

plastic flow and power law creep in a generally com

plex way. One way of simplifying the problem is to 

construct "HIPing Mechanism Diagrams" (see e.g. 

/10-10/ and references therein), which identify the 

dominant mechanisms of densification and which also 

display the density after a given time at a given tem

perature and pressure, 
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Figure 10-5. Density-temperature diagram for hot iso

static pressing of copper. 

Figure 10-5 shows the densification of copper pow

der at 150 MPa. In the figure are also indicated the 

results obtained in the halfscale tests performed by 

ASEA for KBS-3. As can be seen the results are in 

reasonable agreement with the computations, 
Metallographical investigations to assess the pow

der quality requirements for HIPing copper were also 

performed. The studies revealed that high-quality 

powder, treated in inert atmosphere will be necessary 

to produce copper of a quality comparable to Oxygen 

Free High Conductivity Copper (OFHC). Further

more, the studies showed that the material where sur

face oxides had been reduced using H2-gas revealed 

definite signs of hydrogen embrittlement. An alterna

tive method of using CO/CO2 mixtures for reduction 

was proposed and will be investigated further. 

11 ENGINEERED 
BARRIERS, DESIGN 
AND TECHNOLOGY 

11.1 GENERAL 
The KBS-3 repository concept includes as engineered 

barriers a copper canister and highly compacted ben

tonite in deposition holes drilled vertically down in a 

system of horizontal tunnels at a depth of about 500 m 

in crystalline bedrock. See /11-1/ for a detailed de

scription of this concept. 
Alternative concepts for final disposal have been 

reviewed by SKB during 1985 as a preparation for 

setting-up a new R&D-program that will cover also 

alternatives to the KBS-3 concept. 



During 1985 SKB has also closely followed and par
ticipated in the studies on the WP-cave-concept spon
sored by the National Board for spent Nuclear Fuel 
/11-2/. 

11.2 CLAY BARRIERS 
11.2.1 Overview 
The effects of a temperature gradient on the water 
uptake, the swelling and the chemical stability of ben
tonite have been studied for many years in the buffer 
mass test in the Stripa mine. This project was finalized 
during I 985. See further Section 16.2.3. 

Two examples of mechanical interaction between a 
canister and the buffer mass are the settlement of a 
canister and the shear of a canister in a deposition hole 
due to rock deformation. Understanding the rheology 
of the system water/smectite mineral is the basis for 
the analysis of stress/deformation with time in both 
cases. The results from earlier testings of creep in 
highly compacted bentonite were used for a theoreti
cal analysis of canister settlement. In a small-scale 
model experiment the settlement was measured, see 
11.2.2 below. 

A test of tectonically induced shear of a canister in a 
simulated deposition hole has been planned and a 
pilot test was performed, see 11.2.3 below. In the 
future the rheological properties of dense smectite 
clays will be studied in cooperation with the French 
organization CEA. 

Deposition holes in rock may be hydraulically inter
connected. If hydraulically conductive fractures can 
be identified and cut off through sealing it would im
prove the isolation of the waste considerably. Sealing 
of fractures in the rock adjacent to plugs in shafts or 
drifts would also improve isolation. To achieve this 
aim suitable substances and methods for filling water 
bearing fractures have to be studied and developed, 
sec 11.2.4 below. 

11.2.2 Canister settlement 
The KBS 3 concept for isolating highly radioactive 
reactor waste from the biosphere is based on the use 
of copper canisters surrounded by dense smectite clay. 
The canisters exert a vertical pressure on the clay, 
which leads to settlement, that is almost exclusively 
caused by shear-induced creep of the clay. The magni
tude of this settlement has been studied theoretically 
as well as experimentally. 

The clay is microstructurally non-homogeneous, 
and a stochastic model of creep, previously devel
oped, should therefore apply. This model yields the 
often observed creep law, according to which the 
strain is proportional to log time, and this relation has 
also been observed in triaxial creep tests from which 
the creep parameters required for estimating the can
ister subsidence can be obtained. In a small-scale 
model experiment with the same contact pressure, 400 
kPa, as the real canisters will exert on the clay, (Fig
ures 11-1, 11-2), the settlement was found to comply 
roughly with this creep (Figure 11-3). The agreement 
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suggests that the model used, and the mode of evalu
ating the settlement, are relevant. 

Increased temperature is expected to speed up the 
settlement rate but the net displacement of the canis
ters, which will remain completely enveloped by the 
clay, will not exceed about I centimeter in a million 
years according to theory. Continued testing at 70°C 
over a longer period of time is planned for 1986. 

11.2.3 Test of tectonically induced shear of a 
canister in a deposition hole 

In this test the shear of a canister and the surrounding 
compacted bentonite due to tectonically induced rock 
movements is simulated in the scale I: 10. A copper 
canister with a diameter of 8 cm and a length of 45 cm 
is embedded in compacted bentonite. The location of 
canister and bentonite in a deposition hole is simulat-



Figure I I -2. Experimental setup in climate chamber. 
The settlement reading is made by use of an electro
nic transducer with a nominal accuracy of 10' m. 

ed by a steel cylinder with 3 cm thick walls and an 
outer diameter of 26 cm. The steel cylinder is 
equipped with a 60 cm long bronze filter with an inner 
diameter of 16 cm for the wetting of the clay. The 
whole device is divided in two halves for the shearing 
event. (Figure 11-4.) The copper canister is provided 
with 5 strain gauges and 3 pressure transducers in 
order to measure the pressure from the bentonite and 
the strains of the canister during the water uptake 
phase and during the shearing. The relative displace
ment of the canister parts as well as the "rock" dis
placement, rock pressure and shearing force, are also 
measured. Three tests with different shearing rates 
will be performed, the fastest being 50 mm/sec. 

A pilot test using a compacted sand/bentonite mix
ture was conducted in November. The first real test 
was prepared in the beginning of December. Prepara
tion of the first test, with compacted and water satu
rated bentonite is going on. 

11.3.4 Rock sealing 
Promising pilot tests have been made in an attempt to 
attack the wellknown problem of sealing water-bear
ing rock fractures with an aperture smaller than about 
0.5 mm. The research work, which comprises small 
scale injection tests with clay and cement slurries as 
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Figure I I -3. Settlement of model canister. Crosses re
present recorded settlement while rings are predicted 
settlement for specific time values. 

Figure I J-4a. The copper canister and the compacted 
bentonite placed in the lower part of the "deposition 
hole". 

Figure I J-4b. The upper part of the deposition hole 
is mounted. Some of the cables from the strain gauges 
and the pressure transducers can be seen. 



well as a pilot field test has shown that fractures with 
an aperture as small as 0.1 mm can be effectively 
grouted with relatively thick slurries to several deci
meters or possibly meters from the injection point. 

A survey of potential methods and substances for 
sealing of rock fractures was also performed. The sur
vey and the preliminary results from the field test still 
running are reported in SKB technical report 85-17. 

Further testing is required to verify the efficiency of 
the grouting particularly with respect to the erosion 
resistance and chemical stability of injected materials. 

12 CHEMISTRY 

12.1 GENERAL 
The chemistry program studies cover four major 
areas: 

Groundwater chemistry investigations, including 
rock mineral studies, to characterize the geochemistry 
of the undisturbed repository environment and to pre
dict the chemical effect of excavation, presence of 
canister and backfill material, heat generation etc. 

Radionuclide chemistry to assess the behaviour of 
radionuclides in the near field of the repository and in 
the undisturbed rock-groundwater environment. 

Transport model development to describe the condi
tions affecting the integrity of the repository and the 
eventual release and dispersion of radionuclides. 

Validation of models for the release and transport of 
radionuclides by laboratory simulations, in situ tests 
and natural analogue studies. 

12.2 GROUNDWATER 
CHEMISTRY 

12.2.1 Groundwater analysis 
The mobile field laboratory, including the downhole 
equipment for in situ measurements of Eh and pH, 
was introduced in the later half of 1984. It has been 
successfully used during 1985 to finish the chemical 
investigations at the Klipperas site. Numerous test
runs have also been performed at Fjallveden - a for
mer investigation site. 

The failure rate of groundwater sampling and ana
lysis has gone down considerably after the introduc
tion of the mobile field laboratory. The main reasons 
for that is: 

- Tagging of drilling water followed by direct field 
analyses of the residues in the groundwater sam
ples. 

- In field analyses of main components and redox 
sensitive trace components of the groundwater. 

- Longer packer sleeves and carefull pumping to 
avoid infiltration of water from outside the isolated 
sampling section. 

- Downhole measurements of Eh to avoid the influ
ence from traces of atmospheric oxygen. 
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groundwater sampling sections in the borehole Gidea 4 
due to 1) drilling, 2) gas-lift pumping, 3) hydraulic 
testing, 4) sampling and 5) open hole effect. Increasing 
values means inflow to the rock from the borehole. 
The calculations are based on measurements of hydrau
lic conductivity. 

Hydrochemistry data from the site investigation 
program have been reexamined in the light of detailed 
hydrological measurements and models. Only sam
pling and analyses done with the older field equip
ment have been considered, and the study comprises 
investigations in the areas Fjallveden, Gidea, Svart
boberget, Kamlunge and parts of Klipperas (SKB TR 
85-11). The hydrogeological conditions have a strong 
influence on the sample quality, see Figure 12-1. Most 
sensitive are the concentrations of natural radioactive 
isotopes originating from the atmosphere such as tri
tium and carbon-14. Easily influenced are also trace 
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Figure 12-2. Eh-pH diagram of the uranium-carbo
nate system with measured values from the investiga
tion sites Fjiillveden (Fj 2), Gidea (Gi 2, 4), Svartbo
berget (Sv 4, 5), Kamlunge (Km 3) and Klipperas 
(Kl 1). See also Table 2-1. The ground surface equip
ment have been used for the Eh- and pH-measurements. 

concentrations of redox sensitive groundwater com
ponents such as iron(II) ions, sulphide and uranium. 
Reexamined uranium data have been put together and 
compared to theoretical predictions of uranium chem
istry, see Table 12-1 and Figure 12-2. The report SKB 
TR 85-11 will be used to guide further improvements 
of sampling equipment and data evaluation. 

Table 12-1. Measured uranium concentrations, pH 
and Eh in groundwater from the SKB 
test-sites, Fjallveden (Fj 2), Gidea (Gi 2, 
4), Svartboberget (Sv 4, 5), Kamlunge 
(Km 3) and Klipperas (Kl 1). The ground 
surface equipment has been used for the 
Eh-, pH-measurements. 

u Eh 
Borehole Level pH ppb mV 

Fj 2 605 8.9 < 0.2 - 115 
Gi2 178 7.7 0.23 - 100 
Gi4 222 9.0 0.98 - 120 
Sv4 376 9.6 0.22 - 140 
Sv 5 160 7.7 44.5 + 120 
Km3 123 7.9 24.3 + 100 
Kl 1 403 8.4 0.68 - 300 

12.2.2 Redox measurements 
The redox properties of groundwater are determined 
by trace concentrations of redox active species such as 
iron(II) and sulphide ions. A good correlation has 
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Figure 12-4. Eh and pH values of groundwater measu
red in situ with the downhole equipment. The bars indi
cate the maximum variation of the Eh values measured 
simultaneously with platinum, gold and glassy carbon 
electrodes. The line corresponds to the redox equili
brium in the magnetite/hematite system. 

been found between redox potentials measured with 
inert electrodes and redox potentials calculated with 
the geochemical code EQ3/6 assuming sulphide-sul
phur as the active redox pair, see Figure 12-3. 

These measurements were made with the ground 
surface equipment to which the water is pumped from 
the sampling section. Trace amounts of oxygen is be
lieved to have affected the system which would ex
plain why in situ measured redox potentials, using the 
new downhole equipment, are considerably lower, see 
Figure 12-4. 

The redox buffering capacity at depth in granitic 
rock is of course not founded in the trace amounts of 
dissolved redox active species but rather in the rock 
itself. 

Kinetic studies of the reduction rate and capacity in 
a simulated rockgroundwater system in the laboratory 
are therefore important for the overall redox investi
gation program /12-1/. 
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12.2.3 Fracture minerals and isotopes 
Calcites may initially be dissolved at the recharge and 
later precipitated as the chemistry of the groundwater 
develops along the flow paths. Hydraulic conditions 
are therefore reflected by the character, frequency 
and isotopic composition of the calcites, see Figure 
12-5. 

The content of atmosphere generated radioisotopes 
in the groundwater should at least in principle yield 
the time of isolation. The carbon-14 content of dis
solved carbonates are widly used for that purpose. 
However, carbonates from "old" calcites may initially 
be released to the groundwater thus lowering the 
14C/12C ratio. This and other disturbing factors are 
difficult to compensate for /12-2/. 

The use of accelerator technique has made it possi
ble to analyse the carbon-14 content of dissolved or
ganic material. This may be less affected by exchange 
with the minerals. These accelerator analyses are also 
being tried on fracture filling calcites. 

12.2.4 Geochemical calculations 
A first attempt have been made to combine thermody
namic and kinetic data to calculate the effect of heat 

• 
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• Figure 12-5. Frequency and carbon-
13 content of calcites in open fissures . 
The samples have been taken from 
Gidea and Taavinunnanen. Both 
represent recharge areas but there 
is a strong tendency of inflow in 
Taavinunnanen in contrast to more 
stagnant conditions in Gidea. 

on the minerals in the near field as a function of time. 
A decrease in porosity of 10-20% is projected when 
100°C and 100,000 years are used as input values 
/12-3/. Further developments of this model are being 
considered. 

The chemical evolution of sodium bentonite in con
tact with two different kinds of granitic groundwater -
normal and slightly saline - has been calculated at 
25°C and 100°C, including mass transfer in the model. 
(SKB TR 85-10). Only a limited degradation of the 
bentonite is foreseen. The effect is even less impor
tant in the saline water. In particular, no evidence for 
an evolution to an illite type of clay was detected. 

12.3 RADIONUCLIDE 
CHEMISTRY 

12.3.1 Solubility and speciation 
Basic thermodynamic constants, describing the solu
bility, inorganic complex formation and redox proper
ties of lanthanides and actinides in carbonate contain
ing groundwater; are continuously measured 
/12-4,5,6/. 



An important part of this work is done in coopera
tion with the French organization CEA. The chemis
try of the actinides neptunium and plutonium are 
being investigated within that frame of cooperation 
/12-7/. 

Solid solutions of actinides like americium, plutoni
um and neptunium in uranium are expected to lower 
considerably their solubility. This will retard the re
lease of these actinides from spent fuel and also lead 
to a coprecipitation with uranium if e.g. dissolved 
uranium is precipitated due to reduction. This phe
nomena has been quantified by experiments with ura
nium and lanthanum, using lanthanum as a chemical 
analogue to plutonium /12-8/. 

Basic thermodynamic constants from this program 
will be introduced into the OECD-NEA organized 
compilation of a chemical data base for important 
radionuclides and minerals. An internationally ac
cepted and well documented data base in this field will 
be of great value. 

12.3.2 Colloides, organic complexes and 
microbes 

The formation of colloides, consisting of americium 
adsorbed on quartz and montmorillonite particles 
have been studied in batch and column experiments 
/12-9/. 

Organic material have been enriched from large 
amounts of groundwater collected from 300-400 m 
depth in Fjiillveden /12-10/. The analyses show that 
the humic content is dominated by relatively low mo
lecular weight fulvic acids. Up to gram quantities of 
purified fulvic acid samples have been used for a po
tentiometric determination of the complex forming 
properties (SKB TR 85-07). A chemical model for the 
formation of fulvic acid complexes in groundwater is 
being developed. 

A preliminary investigation has been carried out on 
the importance of microbes for the migration of ra
dionuclides in the geosphere. Further investigations 
have been recommended. 

12.3.3 Sorption and diffusion 
The reduction-sorption experiments with technetium, 
neptunium and uranium on rock samples have been 
continued. Preliminary results indicate a slow reduc
tion. 

Sorption coefficients (Kd-values) are generally 
used to model the retention of radionuclides, trans
ported by flowing water in rock fractures or diffusion 
in the porewater of the rock matrix and backfill mate
rial. A lack of a more fundamental understanding and 
the failure to explain certain observations such as ce
sium diffusion in bentonite clay and rock samples, 
have been pointed out. The possibility to use surface 
complexation theory or similar approaches are there
fore being investigated. 

A large number of experimental investigations of 
radionuclide diffusion in rock samples have been re
ported (SKB TR 85-03, 05 and 15). Different experi-
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Figure 12-6. Iodide diffusion through a biotite gneiss 

sample from the investigation site Svartboberget. The 

experiment was started at atmospheric pressure which 

was increased to 330 bar after 35 days. 

mental techniques have been used, and especially the 
influence of rock pressure has been tested in an equip
ment designed for this purpose, see Figure 12-6. 

Diffusion of radionuclides into the stagnant water 
of the open rock pores is an important retention 
mechanism. A considerable amount of experimental 
evidence has now been accumulated on the variability 
and stability of the transport properties of the micro
pore system /12-11/. 

12.3.4 Radiolysis 
A theoretical model is used to calculate the upper 
limit of radiolysis of water by exposure to radioactive 
material. This model is being tested on a variety of 
evaluated examples /12-12/. 

Experiments have also been carried out to test the 
radiolysis model. Different sources of radiation in 
combination with wet bentonite clay have been test
ed, see Figure 12-7. 

12.3.5 Concrete 
The chemistry in concrete for radionuclides have been 
studied and part of this work has been reported, KBS 
TR 84-15 and /12-13/. The primary aim of these inves
tigations have been to provide data for the safety as
sessment of low and medium level waste disposal. 
However, concrete may possibly also be used for the 
construction of a high level waste repository and it has 



Figure 12-7. Equipment for measuring the hydrogen production in alfa irradiated compacted water saturated 
bentonite (2.1 g!cm1). The radiation source is 241Am with an active surface diameter of 25 mm. The nominal activity is 
30MBq. 

in fact even been suggested as an alternative backfill 
material /12-14,15/. An increased interest in this field 
is foreseen. 

12.4 CHEMICAL TRANSPORT MODELS 
Models are being developed for the transport of ra
dionuclides with flowing water in the fracture zones, 
SKB TR 85-14 and /12-15/. A large part of the water 
flow is forseen to occur in the fracture zones and the 
retention of radionuclides in these zones has not been 
taken credit for in previous safety assessments. 

The distribution of individual fractures and connec
tions between them in the bulk rock or fracture zones 
are assumed to cause a small part of the flow to be 
relatively rapid. This effect, referred to as "channel
ing" may be important for the dispersion of radionu
clides. A theoretical treatment of this problem is 
given in the report SKB TR 85-13. The combined 
effect of channeling and rock matrix diffusion has also 
been evaluated /12-16/. 

Models for the transport of radionuclides in frac
tured rock are usually treating the chemistry in a 
much simplified way. Only one component at a time is 
treated and a sorption coefficient (Kd) is used to de
scribe the interaction with the rock. A more advanced 
model would be more relevant, especially in the near 
field of a repository where larger concentrations of 
radionuclides are possible and the transport of numer
ous inactive species plays an important role. Such a 
model would imply coupling between a geochemical 
and a hydrological model. The code CHEMTRN, de
veloped at Lawrence Berkeley Laboratories, is being 
tested for that purpose. 

12.5 VALIDATION OF 
TRANSPORT MODELS 

12.5.1 Laboratory experiments 
Natural fractures are overcored and used for hydro
dynamic flow tests and radionuclide migration experi-
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ments. The results are analysed with transport mod
els, taking into account advection, diffusion into the 
rock matrix, sorption onto the rock surface and flow 
dispersion (KBS TR 84-04). 

A setup for radionuclide migration experiments un
der reducing conditions is being constructed. 

12.5.2 In situ tests 
In situ experiments with sorbing and non-sorbing trac
ers in flowing water are being carried out in the Stripa 
mine as a part of the international OECD-NEA pro
ject (see Chapter 16). Results from recent tests in 
Stripa and previous tests in other places in Sweden 
have been summerized /12-17 /. 

Since 1982, a series of in situ experiments have been 
going on in Stripa to measure the diffusion properties 
of the interconnected micropore system in an undis
turbed rock mass. Non-sorbing tracers are continu
ously injected at a slight overpressure from a 20 mm 
borehole well away from the disturbed zone around 
the tunnel. The borehole is later overcored and the 
surrounding rock mass also sampled by core drilling. 
Two tests have been finished, analyzed and reported 
(KBS TR 82-08 and 83-39). 

The injections of the third and last test have been 
going on since 1982. This is by far the longest injection 
period. The last test place has now been sampled by 
core drilling and the laboratory work has started. 

12.5.3 Natural analogue studies 
The Oklo reactor 
Parts of the Oklo uranium mineralization have been 
active as natural fission reactors two billion (2 · 109) 

years ago. The nuclear products were formed within 
the grains of the mineral uraninite. Uraninite has been 
remarkably stable during the extreme length of time. 
More than 90% of the "fuel" has remained in the 
spatial configuration it had during criticallity. Acti
nides and rare earth elements have largely remained in 
place whereas technetium, alkali and alkaline earth 
elements were not effectively contained. However, 
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many of the nuclear products which were removed 
from their site of production have been contained in 
the surrounding sandstone. This and other informa
tion has been summarized in a report (SKB TR 
85-04). 

Po~os de Caldas 
A continuation of the investigations of the large thor
ium mineralization in Morro do Ferro, Poc;os de Cal
das, is foreseen - supplemented by the investigation of 
a uranium mine situated in the same area. 

Uranium mobility 
The mobility of uranium and related elements are 
being studied in drillcores taken from one granite lo
cation in Sweden (Krakemala) and two sites (granite 
and gneiss) in Switzerland (Grimsel and Bottstein). 
The cores are chosen so that they are intersected with 
water conducting fractures. 

One important conclusion from the study of the 
Krakemala sample is that natural radionuclides have 
accumulated along the fracture and migrated into the 
granite to a distance of some 3 cm, see also Figure 
12-8. This investigation is done in cooperation with 
the Swiss organization NAGRA. Part of the results 
have been presented, KBS TR 84-18 and /12-18/. 

An inventory of Swedish uranium mineralizations 
have been started with the aim to find suitable forma
tions for future natural analogue studies. 

13 GEOSCIENCE 

The activities within the field of geoscience are divid
ed into two main parts: 

Site selection studies, i.e. investigation of the Swed
ish bedrock in order to find sites suitable for final 
disposal of spent nuclear fuel. 

- Research and development. 
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13.1 SITE CHARACTERIZATION 
STUDIES 

The overall time-schedule for the site selection stud
ies is shown in Figure 13-1. In total around 10 sites will 
be investigated by surface and borehole observations 
following a defined standard program. Two or three of 
those sites will be selected for detailed studies around 
year 1990 and the recommendation for a specific site is 
expected to be given around year 2000. 

The major rock types studied so far are granite, 
gneiss and to some extent gabbro. Further studies of 
gabbroic rock have been initiated. 

Figure 13-2 shows the location of sites investigated 
and below a short summary is given of results ob
tained during 1985. 
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Studies of 
several sites 

-~~~I<!_ __ _ 
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Figure 13-1. Time-schedule for site selection studies. 



13.1.1 Klipperas 
The site Klipperas is located in the south-eastern part 
of Sweden, see Figure 13-2. The site is characterized 
by a very flat topography and a widespread thin soil 
cover made the surface geological interpretation un
certain. The few existing outcrops were mapped as an 
homogeneous, red mediumgrained granite. 

13.1.2 Gabbro studies 
Available geologic material has been studied to estab
lish the advantages and disadvantages of siting the 
repository to a gabbroitic rock mass. Further an in
ventory of potential sites has been performed in which 
in total about 400 areas were localized. Out of these, 
35 areas were studied in the field and within 4 of the 
areas gravimetric measurements were performed in 
order to determine the thickness of the gabbroitic 
rock mass. The most promising area was found to be 
Kolsjon 7 km E of Almunge, see Figure 13-2. 

The Kolsjo gabbro covers an area of about 5 km2 • 

The topography is flat and the area is covered by a thin 
soil layer. The rock can be studied in a number of 
outcrops and cuts. The gravimetric measurements in
dicated that the thickness of the gabbro massive is 
more than 1,000 m. In order to verify this, drilling of a 
coredrilled hole in the central part of the massive has 
been initiated. The hole is planned to be drilled to a 
depth of 1,000 m. The drilling has, however, been 
interrupted and postponed due to protests from local 
public groups. 

Results from previous studies at the Taavinunnanen 
gabbro massif has been reported in a SKB technical 
report (SKB TR 85-02). 

13.2 RESEARCH AND 
DEVELOPMENT 

13.2.1 Geology 
Fracture zone study 
The groundwater flow and the transportation of ra
dionuclides in existing fracture zones are of crucial 
importance in the safety assessment. In order to allow 
a better modelling of water movements and nuclide 
migration in fracture zones a 4-year program has been 
initiated where the following characteristics will be 
investigated, 

- geological characteristics, i. a. tectonic evolution, 
structure and age relationships, 

- hydrogeological characteristics, including migra
tion properties, 

- geochemical characteristics, i. a. hydrogeoche
mistry, fracture mineralogy, redox capacity and the 
interaction of water and rock, 

- rock mechanical characteristics including deforma
tion properties, rock stresses and the influence of 
rock stresses on the hydraulic properties. 

The studies have been concentrated to a zone in the 
Finnsjo area, see Figure 13-2. A relatively complicat
ed fracture pattern has been established by means of 
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coredrilled holes and interference testing. Thus a sub
horizontal zone is found to have a dominating impor
tance for hydrology of the upper part of the rock and 
the steep zone, which the investigations initially were 
aimed at is less important. Chemical sampling and 
geophysical measurements in the drillholes show that 
the subhorizontal zone formes a border between fresh 
and saline water. As part of the testing programme 
requires that the zone can be traced and uncovered at 
the surface and this might be difficult in the Finnsjo 
area preliminary studies have been initiated at Avro in 
the Simpevarp area. The studies within this area have 
comprised geophysical surface measurements and 
geologic surface mapping as well as radar measure
ments in two previously drilled boreholes. The results 
will be the basis for further decisions on studies of the 
Avro fracture zone. 

Bedrock stability 
A 3-year project to increase the knowledge on the 
mechanical behaviour of a rockmass exposed to stress 
changes has been initiated. Planning of research ac
tivities in the fields of structural geology, seismology 
and rock mechanics has been carried out. Monitoring 
the Finnsjo area, which is considered to be low-active 
from seismicity point of view, with a mobile seismo
graph net has been performed in order to gain experi
ence on suitable layout and measurement perfor
mance. 



An aftershock survey, comprising three stations, 
was conducted in southern Sweden after the Halmstad 
earthquake 1985-06-15. 

The elastic and mechanical properties for two rock 
types from the Gidea study sites have been deter
mined and the results are reported in SKB TR 85-06. 

13.2.2 Geophysics 
Radar measurements 
Further development of the radar equipment to make 
it possible to use the down-hole unit in 56 mm holes 
down to a depth of 1,000 m has been performed. The 
complete radar unit has been redesigned to meet the 
requirements of severe field conditions and the inter
pretation technique has continuously been improved. 
Measurements have been performed in the fracture 
zone project within the Finnsjo and Avr6 sites. The 
equipment has also been tested in the Swiss program 
with promising results. Penetrations up to 160 m have 
been achieved under favourable conditions. 

Scanning borehole TV-camera 
Development of a scanning borehole TV-camera de
signed to fit boreholes with a diameter of down to 56 
mm has been initiated. The equipment will make it 
possible to determine the orientation of fractures in
tersecting the boreholes. 

13.2.3 Hydrogeology 
Tracer tests 
Tracer tests over short distances (1-5 m) have been 
carried out at the Stripa mine, SKB TR 85-12. Pulse 
tests have been evaluated according to a method 
which makes it possible to get a three dimensional 
picture of the hydraulic conductivity of the rock mass. 
Testing has also been performed injecting a macromo
lecule (Dextran) in order to establish the importance 
of diffusion and verify earlier tests with non-sorbing 
tracers and the above mentioned pulse tests. 

The natural flow can be measured in boreholes 
within a section or a specific fracture with a dilution 
probe. The dilution of a tracer in a borehole section is 
measured without disturbing the natural water flow in 
the tested section. See Figure 13-3. By combining the 
results from measurements in different boreholes the 
mean flow values can be calculated. A further devel
opment of this probe will hopefully also give the direc
tion of the measured flow. 

Hydraulic modelling 
SKB participates in a project aiming at modelling the 
effects on the hydrogeological regime around the 
shaft sunk to the Underground Research Laboratory 
(URL) in Canada. Measurements performed in drill
holes around the shaft make it possible to validate the 
model calculations. 

SKB also participates in the international HY
D ROCOIN-project with the GWHRT/HYPAC-mo
del, /13-1/, /13-2/ developed at the Royal Institute of 
Technology. The performance of this model has been 

49 

very satisfactory when applied to the benchmark 
cases set up within HYDROCOIN. Studies are also 
underway on the use of statistical methods in hydro
modelling /13-3/. 

The results from a large number of single-hole 
packer tests in crystalline rock from three test sites 
have been analysed statistically and a comparison be
tween steady state and transient analysis of the same 
test data has been performed (SKB TR 85-19). 

Improvement of equipment 
The multihose equipment for hydraulic testing util
izing trancient injection method has been modified 
and is now working properly. To facilitate measure
ments of the conductivity in low-conductive zones the 
steel mandrel outfit has been modified. Further the 
piezometric equipment has been improved by chang
ing the valves to a more durable type. 

13.2.4 Hydrogeochemistry 
The specially designed field laboratory for chemical 
analyses of groundwater has been utilized within the 
Klipperas, Finnsjon and Fjallveden sites. The results 
of the measurements have been accurate and repro
ducable. 

Development of a gas sampler has been performed 
and the unit will be incorporated in the field laborato
ry early 1986. 

MEASURING 
POINT 

Figure 13-3. Dilution probe for measurement of 
groundwater flow. 



14 THE BIOSPHERE 

14.1 BIOSPHERE CHARACTER
IZATION AND NATURAL 
RADIOACTIVITY 

Parallel to the geological site investigation a charac
terization of the biosphere in general and of soil and 
surface waters with regard to natural radioactivity is 
made in the investigation areas. 

During 1985 two investigations were completed, 
one at Bjulebo, the other at Klipperas, both situated 
in the south-east part of Sweden. 

In Klipperas a complete geological site investiga
tion has been performed. This was also intended for 
Bjulebo, but a new law reserved this region for re
creational purposes, and no drillings were made. 
Since Bjulebo is a typical Swedish coastal area, how
ever, the surface investigations were completed. 

The two recipient areas are completely different. In 
Bjulebo two types of groundwater recipients are iden
tified: a brackish bay and a lake. Klipperas on the 
other hand is an inland site where the recipients are 
bogs. One of these is a former lake situated above a 
marked fracture zone in the bedrock. 

Gamma ray surveys, covering representative soil 
types, gave average exposure rate values of about 18 
µR/h for both sites. This corresponds to a radiation 
dose of about 1.5 mSv/y. 

Concentrations of Th and U were determined in 
rock, soil and plant samples and activities of Ra-226, 
Ra-228, Th-228, Cs-137 and K-40 in soil and plant 

Figure 14-1. Sampling of water and sediments from a 
lake. 
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samples. Average concentrations in Klipperas sam
ples are for granite ( dominating rock) 20. 7 ppm Th 
and 6.6 ppm U, for soil (upper zone) 5.6 ppm Th and 
2.9 ppm U and for peat 1.8 ppm Th and 2.4 ppm U 
( dry weight). Fairly high concentrations were ob
served in some organic soil samples, 11.5 ppm Th and 
13.1 ppm U. The nuclides in the U and Th decay 
chains are usually in disequilibrium, indicating differ
ent migration patterns for the radium, uranium and 
thorium isotopes. A much higher root uptake of ra
dium isotopes as compared to uranium and thorium 
isotopes was observed. 

The water quality and the content of U, Ra-226 and 
Rn-222 in ground- and surface water samples were 
determined. The Ra-226/U-238 activity ratio is in 
average 0.1 for the Bjulebo and 3.1 for the Klipperas 
water samples, i.e. the uranium content is roughly the 
same whereas the Ra-226 content is very low in the 
Bjulebo water samples. 

Both areas are reported in SKB TR 85-09. 

14.2 NATURAL AGEING IN 
GROUNDWATER 
RECIPIENTS 

The studies of the change in physical and chemical 
characteristics of lakes and Baltic bays with time have 
continued during 1985. 

Sampling of water and sediments in lakes, streams 
and a bay has been performed in a study area around 
the Studsvik research laboratory. Data has been col
lected on water flow, suspended matter, macro con
stituents in the water, pH, conductivity, sedimenta
tion rate, trace metals etc. 

The properties of sediments down to 150 cm depth 
are investigated with regard to porewater chemistry, 
redox conditions and trace metal partitioning. 

An in situ study of the diffusion of radionuclides in 
sediment cores is in progress and the first results are 
expected in April/May-86. Laboratory measurements 
of sorption and trace radionuclide complexation are 
also performed in this study. During July 1985 a vege
tation mapping of Sibbo- and Trobbo-fjarden was per
formed. 

The field sampling and laboratory study phase will 
be finished in -86 and a third phase will commence. 
This will include a modelling of how the growth and 
changes in the sediments will influence the behaviour 
of radionuclides released from a repository, predic
tion of the behaviour of "immobilized" radionuclides 
when the lake sediments turn into an agriculture area, 
and dose calculations. 

14.3 FUTURE PLANNING 
Biosphere investigations in different parts of the 
world show a substantial variability in the transfer of 



radionuclides from the groundwater to man. The vari

ability can be due to differences in 

- chemical composition of the geosphere influencing 
the groundwater chemistry, 

- climatic differences affecting the availability of 
groundwater and the development of the ecological 
network of pathways for the radionuclides, 

- types of groundwater recipients and their state of 
natural development affecting what pathways will 
dominate the nuclide transfer to man. 

For the coming few years the biosphere investiga
tions within SKB will continue to focus on the map
ping of the variability due to the natural development 
of the recipients. Some new investigations will be ini
tiated to evaluate the effect of the geochemistry on 
local groundwater outflow areas in lake sediments 
peat, or soil. 

15 SAFETY EVALUATIONS 

During 1985 the work in the area of safety and perfor
mance assessment has continued along the lines layed 
down after the finalization of the KBS-3 study. That 
means a shift from conservative feasability studies to
wards the development of performance assessment 
tools satisfying a set of different needs for: 

- making R&D-program priorities 
- design optimisation 
- site screening and ranking 
- safety assessment for licensing purposes. 

The long time perspectives connected with the safe
ty assessments of repositories for high level waste re
quire that special consideration is given to questions 
concerning international consensus in evaluation 
methodology and acceptanced criteria. SKB has taken 
an active part in the IAEA and OECD/NEA efforts 

in this field. 

15.1 MODELLING WORK 

An important ingredient in the SKB performance as
sessment plan is the continued development and vali
dation of models that is taking place at different lev
els: 

- detailed research-related modelling of various pro
cesses and phenomena in geochemistry, fuel matrix 
dissolution, radiolysis etc. and their interaction ( sci
entific models), 

- development and coupling of simpler scientific 
models into nearfield, geosphere and biosphere 
models for radionuclide transport calculations (as
sessment models), 

* Propabilistic in the sense that inputs can be 
entered as probability distributions. 
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- development of a computer code for use in uncer
tainty and sensitivity analyses and in probabilistic* 
safety assessments (probabilistic systems analysis 
models). 

The basic research, the collection of data and the 
detailed modelling of processes and phenomena, 
areas which are covered in other chapters of this re
port, constitute the scientific basis for the rest of the 
assessment and modelling work. 

The scientific background will continue to be em
phasised by SKB. Increased attention will be focused 
on the quality of the computer programming, on the 
administrative control and the testing of computer 
codes and on other measures for enhancing the confi
dence in the model predictions such as verification 
and validation (cf Chapter 12 and 13). 

SKB is also supporting work on the modelling of 
coupled processes such as hydrology-geochemistry 
and rock mechanics-hydrology. 

Codes ( some of which can also be regarded as scien
tific codes) that have been used in the KBS work or 
will be used in the future is given in Table 15-1. 

Table 15-1. Codes that have been or will be used in 
SKB performance assessments. 

Code Use Features 

HYPAC/ Geohydro- 3-D, homogeneous 
GWHRT logy medium, double porosity 

Forced convection 
Various boundary 
conditions 
Fintite elements 

QEQAL Near-field Design-specific 
migration Diffusion through clay 

barrier to cracks 
in rock 

LCHCAL Near-field Chain decay 
migration Solubility limitations 

NUCDIF Geosphere 1-D matrix diffusion 
migration Single nuclide 

Decaying band concen-
tration boundary 
condition 
Semi-analytical 

TRUCHN Near-field General 1-D, 2-D 
(TRUMP) and far- or3-D 

field Chain decay 
modelling Arbitrary boundary 

condition 
Integrated finite 
differences 

BIOPATH Biosphere Compartment 
modelling theory 
and dose 
calculations 



15.2 PROBABILISTIC SYSTEMS 
ANALYSIS 

15.2.1 The PROPER code 
A new performance assessment tool is being devel
oped by SKB, the PROPER computer code. Impor
tant aspects are the possibilities of 

- using probability distributions for the input para
meters to obtain the related uncertainty in the com
puted results, 

- doing sensitivity analysis to find out the important 
parameters with respect to the results and variabi
lity, 

- having a general and modularized system for the 
fast and flexible handling and linking of a library of 
submodels for radionuclide transport calculations 
( assessment models). 

PROPER is inspired by and to some extent based 
on the ideas of the SYVAC code of the Atomic En
ergy of Canada Ltd. Like SYVAC, it uses a Monte 
Carlo technique to find the variability of the results. 
This technique requires the use of simplified submo
dels for the radionuclide transport. During 1985 work 
on the PROPER code has been concentrated on the 
executive program and submodels. 

A programming standard has been developed for 
PROPER to facilitate the documenting and mainte
nance of the code. The standard defines a subset of 
FORTRAN77 and includes recommendations for 
structured top-down programming. 

15.2.2 The executive program 
The core of PROPER is the executive program, con
taining systems for the linking of submodels (i.e. sub
routines or separate programs) and the handling of 
the communication between them, for sampling input 
data and for collecting statistics from calculations, see 
Figure 15-1. The monitor part of the executive pro
gram allows two kinds of input to the submodels: pa
rameters and time series, and one kind of output: time 
series, cf Figure 15-2. The user can make his choice 
from the library of submodels and link them any way 
he or she likes with the restriction that no feedback is 
allowed between submodels. 

The post-processor is a separate program that is 
used for the statistical processing of the results. 

15.2.3 Submodels 

The detailed scientific models are much too compli
cated to be used as submodels for PROPER. Rather 
simplified submodels have to be used. The first sub-, 
models are simplified versions of models used in the 
KBS-3 assessment. They are based on a generic site, 
KBS-3 design, one canister only and no variability in 
the biosphere. 

The library of submodels will later be extended to 
incorporate the entire repository with spatial depen
dencies, site-specific hydrology and biosphere, alter-
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native designs and variability in the biosphere etc. as 
the research and development program moves ahead 
from site screening and ranking, through the design 
optimization to the preliminary safety analysis report. 

15.3 CONFIDENCE 
ENHANCEMENT 

The degree of confidence that can be placed on results 
from models and computer codes is subject to some 
discussion among scientists in the waste management 
field. SKB is involved in R&D work and programs 
dealing with the 

- validation of models, mainly the scientific ones, 
- verification of the mathematical treatment in the 

models, 
- calibration of simplified submodels or assessment 

models against the more elaborated scientific mod
els. 

The NUCDIF and TRUCHN transport models 
used in the KBS-3 study participated in the verifica
tion/validation study recently concluded in the IN-

~ Parameters 

Time series in Time series out 
------, Module i .-----

Figure 15-2. PROPER modular communication. 



TRACOIN project initiated and managed by the 
Swedish Nuclear Power Inspectorate. The HY
PAC/GWHRT code package developed within the 
SKB program is participating in the HYDROCOIN 
project and in predictions for the URL drawdown 
experiment at Lac du Bonnet, Canada, cf Chapter 13. 

It is unlikely that the simplified models used in 
PROPER can be validated directly. They will have to 
be calibrated against scientific models that have been 
validated, verified and calibrated. SKB also takes part 
in the work conducted by the NEA Users' Group for 
Probabilistic Systems Analysis Codes where a level 0 
code intercomparison is planned primarily to test the 
executive drivers of the participants' computer pro
grams. 

Software quality assurance procedures such as stan
dardized and structured programming and standard
ized testing procedures will be implemented. 

The development of regulations and acceptance cri
teria for radioactive waste disposal is the responsibil
ity of the authorities. In the end the final choice and 
optimization of disposal concepts will have to be made 
taking full account of these criteria still under devel
opment. 

16 THE STRIPA PROJECT 

16.1 INTRODUCTION 
To study the response of granitic rock to thermal load
ing, a series of experiments were conducted from 1977 
to 1980 in the Stripa Mine, an old iron ore mine locat
ed in central Sweden. Adjacent to the ore excavations 
is a granite intrusion which is directly accessible at a 
level of approximately 350 m below the surface. The 
investigations were carried out as a cooperation be
tween the US Department of Energy - through the 
Lawrence Berkeley Laboratory of the University of 
California - and the Swedish Nuclear Fuel and Waste 
Management Company, SKB. The main thrust of 
work under this Swedish - American Cooperative Pro
ject, SAC, was to develop techniques to measure cer
tain properties and phenomena including thermome
chanical, hydrogeological, geophysical and geochemi
cal aspects. 

The OECD/Nuclear Energy Agency International 
Stripa Project began in May 1980 on the strength of 
the results of the SAC program and the wide interest 
shown in other OECD member countries. At the pre
sent time nine countries participate in the project: 
Canada, Finland, France, Japan, Spain, Sweden, 
Switzerland, United Kingdom and the United States. 
Coordination is provided by the OECD/NEA and 
project management is carried out by SKB. Two 
phases of research have been agreed: Phase 1 was 
carried out from 1980 to 1984 and Phase 2 started in 
1983 and is planned to be completed in 1986. Current
ly, negotiations are under way regarding a five year 
prolongation of the Stripa Project, starting in 1986. 
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16.2 RESEARCH PROGRAM 
1980 - 1986 

The NEA International Stripa Project includes a 
number of subprojects with different objectives, bud
gets and time schedules. Essentially, the research is 
concentrated to the following areas: 

- detection and characterization of fracture zones 
- radionuclide migration and groundwater character-

istics 
- behaviour of bentonite clay as a backfilling and 

sealing material. 

The results obtained are presented in quaterly, in
ternal and technical reports. 

An international symposium, where the experi
ments and the results obtained were presented, was 
organized in Stockholm on June 4-6, 1985. The major 
conclusions presented at this symposium as well as 
later findings during 1985 are given below. 

16.2.1 Detection and characterization of 
fracture zones 

The dominant flow of groundwater in crystalline bed
rock is taking place in existing fracture zones and it is 
therefore of outmost importance to characterize these 
zones. 

The main objective of the research project "Cross
hole Techniques for the Detection and Characteriza
tion of Fracture zones in the Vicinity of a Repository" 
is to develop nondestructive methods of bedrock in
vestigation which can give information on the suitabi
lity of the rock mass for the disposal of radioactive 
wastes. Development is made of the high frequency 
electro-magnetic (radar), seismic and sinussoidal hy
draulic testing methods. The results obtained with the 
electromagnetic and the seismic techniques are to be 
correlated with the relevant hydraulic properties. The 
capability of the techniques to determine the location, 
extent, and thickness of fracture zones will be exam
ined. The program also intends to resolve questions 
concerning the possible resolution and the uniqueness 
of the models of bedrock obtained with these meth
ods. 

Measurements are performed with transmitter and 
receiver in a single borehole as well as in separate 
boreholes. Electromagnetic, seismic and hydraulic 
signals are measured in these configurations. A large 
disturbance such as a fracture zone will affect the 
transmission of signals. The location and orientation 
of fracture zones at large distances from the boreholes 
may be determined by performing tests from a large 
number of positions in the holes. The principle of 
borehole reflection radar and the patterns generated 
by plane and point reflectors are shown in Figure 16-1. 

Some of the seismic investigations have been car
ried out at a regional scale at site Gidea located in the 
Northern part of Sweden. However, most field experi
ments using all three methods are carried out at a 
specially prepared site at the Stripa Mine. Six bore
holes have been drilled in the form of a tilted pyramid. 
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The height and the base of the pyramid is approxi
mately 200 m. A comprehensive program of "stan
dard" single hole investigations have been performed 
in these holes to provide a data base with which the 
results obtained with the newly developed methods 
can be compared. 

Conventional seismic investigation tools are being 
used in conjunction with a newly developed tomo
graphic analytical method which can provide a 2D or 
3D picture of the area being investigated. 

Single hole reflection measurements and crosshole 
measurements have been performed using a radar sys
tem developed within the Stripa Project. Tests made 
with a high frequency version of the system (50 MHz) 
have given reflections from water filled boreholes 
which have a diameter of only 76 mm. 

The hydraulic conductivity and the hydraulic head 
have been measured in the specially designed bore
hole configuration at Stripa. Crosshole hydraulic 
measurements have been performed using the most 
conductive zones of the holes as source zones. Sinus
oidal tests are used where low frequencies (long per
iods) are measured first and then the frequency is 
increased until no further data is received. The results 
indicate that fissure - rock matrix interactions occur 
and groups of fissures have been delineated. Work is 
now in hand to correlate the hydraulic measurements 
to those from seismic and radar studies. 

16.2.2 Radionuclide migration and ground-
water characteristics 

The migration modelling in the safety analysis for a 
repository in granitic rock is based on the assumption 
that if and when any radionuclides are leached from 
the waste, practically all of the important radionu
clides will interact chemically or physically with the 
bedrock and will thereby be considerably retarded. 
The magnitude of this retardation depends upon the 
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Figure 16-1. The principle of 
borehole reflection radar and 
the patterns generated by plane 
and point reflector. 

flow rate of the water, the uptake rates and equilibria 
of the reactions as well as the surface area in contact 
with the flowing water. 

In an investigation called "Migration in a Single 
Fracture", both nonsorbing and sorbing tracers, simu
lating radionuclides, were injected into a single frac
ture. The arrival times and concentrations of these 
tracers were monitored in sample holes drilled along 
the fracture at a distance of about five meters away 
from the injection point. In addition, samples from 
the fracture close to the injection point were excavat
ed by diamond drilling. An example of the analysis is 
shown in Figure 16-2. 
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Figure 16-2. Distribution of Cesium around the injec
tion point in the tracer experiment along a single frac
ture. 



Figure 16-3. View of the 
experimental drift used in 

the 3D Migration Experiment. 

The results from the experiment "Migration in a 
Single Fracture" together with supporting laboratory 
tests show that there are two mechanisms that are of 
importance for the magnitude of the retardation of 
the migrating radionuclides: 

- diffusion into the rock matrix adjacent to the frac
ture and subsequent sorption on the inner surfaces 

- channeling within a fracture i.e. only certain parts 
of the fracture conducts water. 

The first mechanism considerably enhances the ca
pacity of the rock to retard the radionuclides. The 
second mechanism counteracts the first by reducing 
the contact surface between the flowing water and the 
rock. It may also give rise to "fast" channels. 

A "3D Tracer Migration Experiment" is currently 
in progress at Stripa. The objective is to get an under
standing of the spatial distribution of water flow path
ways in crystalline rock over a long distance (up to 50 

m). 
The experimental site is located at the 360 m level. 

Water flows constantly into the drift at this level since 
it is located well below the water table. The test site 
consists of two intersecting drifts with a total length of 
100 meters. Three upwards vertical injection holes 
have been drilled to a depth of about 70 meters. Injec
tion of nonsorbing tracers is carried out from a total 
number of nine separate zones in these holes with a 
higher permeability than the average rock. The entire 
roof and parts of the drift walls are covered with plas
tic sheets which are used for water sampling for 
further analysis. Figure 16-3 shows the experimental 

drift covered with plastic sheets. 
Preliminary data from the "3D Migration Experi

ment" indicate that water does not flow uniformly in 
the rock over the scale considered. The water flow at 
this scale cannot be described as a homogeneous po
rous media flow. Instead, channeling seems to play an 
important role. 
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Part of the investigations at Stripa are aiming at 
determining the evolution of the Stripa groundwaters 
and to establish a general program for water sampling 
and analysis in crystalline rock. Water samples are 
taken from a maximum depth of 1200 meters below 
the surface. A large number of isotope methods have 
been tested in order to explain the origin and evolu
tion of groundwater. It has been found that the con
cept of "groundwater age" is not very useful. The 
results from Stripa indicate that different elements 
can have different "mean residence times" because 

they may have different origins and different pro
cesses which affect their concentrations during the 
evolution of the groundwater. The investigations at 
Stripa have made considerable progress towards de
fining what those origins and evolutionary processes 
are, and how such concepts may be employed. 

16.2.3 Bentonite clay as backfilling and 
sealing material 

The so called "Buffer Mass Test" was initiated in 1980 
and was completed in 1985. Six large boreholes with a 
diameter of 0. 75 meters and a depth of about 3.5 

meters, were used as deposition holes for simulated 
waste canisters surrounded by highly compacted ben
tonite and overlayed with a mixture of sand and ben
tonite. Part of the experimental drift was completely 
filled with the sand/bentonite mixture, see Figure 
16-4. The purpose of the test was to verify the suitabi
lity and predicted functions of bentonite-based buffer 
materials under realistic conditions. Thus, tempera
tures, water uptake, swelling and water pressures 
were measured. The heater power was set to 600 W 
but supplementary tests at elevated power, 1200 and 
1800 W, were also carried out. The deposition holes 
were excavated after time periods ranging from 10 to 
40 months and the bentonite mass was carefully exam
ined. In the same way, the filled-in portion of the drift 
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Figure 16-4. Main features of the Buffer Mass Test. 

was excavated after 33 months of testing. 
The experiment has been very successful and the 

overall results shows that the bentonite fills all voids 
after water saturation and swelling and thus verifies 
previously obtained laboratory data. 

The main conclusions concerning the water uptake 
in the buffer material are 

* moisture and also related swelling pressure will be 
evenly distributed despite orientation of water 
bearing structures in the adjacent rock, 

* water uptake was controlled by water flow from 
rock and water pressure was low in the interface 
bentonite/rock, 

* measured temperatures were in agreement with 
theory and laboratory data. 

The densities, swelling pressures and deformation 
pattern in the buffer mass including the interface ben
tonite/backfill were in agreement with predictions. 

The density of the backfilling especially in the up
per region of the drift was low and the chemical inter
actions between the heater and possible effects on 
smectite alterations due to heat were vague or none. 

The "Borehole, shaft and tunnel sealing" project 
which began in 1983 and will be completed in 1986, 
consists of four individual plugging tests using sodium 
bentonite. Two of the tests deals with borehole seal
ing, with the aim of assessing techniques used for 
inserting bentonite plugs in boreholes of varying 
length and to study the saturation rate of bentonite. In 
the shaft plugging test, bentonite/rock interactions are 
investigated to assess the sealing capabilities of ben
tonite. Finally, the tunnel plugging test is designed to 
demonstrate the construction phase and general iso
lating power of a full-scale backfilling and sealing ex
ercise. It can be seen that each of these tests are de
signed to test the sealing ability of sodium bentonite 
by exposing the plugs to hydraulic gradients of varying 
magnitude. This ability is due to the very low hydrau
lic conductivity of sodium smectite, the major consti
tutent of the bentonite, and the high swelling pressure 
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exerted on the surrounding rock mass. The swelling 
creates a tight contact with the rock and tends to close 
certain fractures in the rock adjacent to the bentonite 
plugs. 

16.3 TENTATIVE RESEARCH 
PROGRAM 1986 - 1991 

Negotiations between potential member countries re
garding a continuation of the Stripa Project is current
ly underway. The tentative Phase 3 of the Stripa Pro
ject is scheduled to start on July 1st, 1986 and be 
completed on June 30, 1991. 

The Phase 3 program extends the work carried out 
under Phases 1 and 2 and also enters new areas of 
research. An unexplored volume of granite ( about 125 
m x 125 m x 50 m) will be studied for which a com
bined deterministic/statistical flow model will be de
veloped and compared with data from field measure
ments. This modelling approach will be used because 
previous investigations have indicated that an equiv
alent porous media model is inappropriate for similar 
volumes of fractured crystalline granitic rock. If suc
cessful, this will significantly enhance the confidence 
in the application of predictive mathematical models 
to site specific conditions. 

Important parts of the Phase 3 program are the 
further development of the high resolution and direc
tional radar together with high resolution borehole 
seismics. 

Observations at Stripa on groundwater flow in frac
tures have revealed what appears to be randomly dis
tributed channels. The present concept of these chan
nels suggests that mixing of water occurs irregularly 
and that zones of stagnant or near stagnant water are 
present where diffusion controlled transport domi
nates. Phase 3 includes provision for further tracer 
experiments to investigate flow in fractures so that this 
important phenomenon, "channeling", can be more 
fully understood. A large scale tracer experiment 



within the unexplored volume of granite will give re
sults for further validation of mathematical models of 
the phenomenon. 

New work on the estimation of fracture length and 
aperture using hydraulic measurement techniques 
will yield a tool to complement fracture analysis car
ried out in tunnel excavations. Again this is important 
in predicting water flow and in optimizing the engin
eering design. Also of importance is the use of sealing 
materials to restrict the migration of radionuclides 
from a repository. A project is included which com
prehensively evaluates available sealants for use in the 
optimization of a repository. 

The ultimate product of the Phase 3 program will be 
the applicability of the tools and know how to assess a 
potential radioactive waste repository site. Tech
niques will be available to carry out nondestructive 
site investigations, together with sealing methods de
signed to optimize the isolation potential of a reposi
tory established within crystalline granitic rock. 

17 DOCUMENTATION 

The results obtained in the R&D-program of SKB are 
documented at different levels: 

- in technical memos and notes, 
- in internal SKB working reports, 
- in the series of SKB technical reports, 
- in contributions to scientific journals, symposia and 

conferences in different subject areas, 
- in reports requested by law and submitted to the 

Swedish Government or its authorities. 

Further, the bulk of basic data from geological site
characterization activities, spent fuel studies etc. are 
collected and stored in a data base system at SKB 
presently under implementation. 

17.1 TECHNICAL REPORTS 
SKB Technical Reports and main reports like for in
stance the KBS-3 report are written in English. They 
are given a broad distribution to the scientific commu
nity in the nuclear waste field in order to get feedback 
to the program by the comments, discussions and con
tacts between specialists that they may give rise to. 
SKB Technical reports are also filed as microfish at 
IAEA in Vienna and available through them. 

17.2 SKB DATA BASE SYSTEM 
The large amount of data generated from the geologi
cal site investigations and from the laboratory experi
ments has to be administered in a systematic way. To 
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this end a computerized data base is under develop
ment at SKB. The objectives are to 

- accomplish a centralized storage of data directly 
connected to SKB, which has the overall program 
responsibility, 

- promote quality assurance and long-term retrieva
bility of data, 

- collect and structure data sets in a common data 
base, that is readily available to the scientists doing 
R&D and assessment work for SKB, 

- provide a tool for making statistical analyses of 
data. 

The hardware of the system is a VAX-11/750 com
puter. A flexible system for loading, storing and re
trieving data is under development based on a rela
tional data base system called MIMER. The data are 
organized in separate data sets on geology, geophys
ics, hydrogeology and groundwater chemistry. For 
each of these areas the data generation and the data 
flow are being analyzed in detail to determine how, at 
what stage and with what quality control procedures 
data should be stored. The system will be ready for 
use in mid-86, but much work will be made also in the 
future to improve it. 

A data communication system between the SKB 
VAX-computer and consultants working for SKB has 
been installed during 1985. 
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Appendix 1 

INFORMATION 
Christina Haig 

SKB 
President Sten Bjurstrom 

ECONOMY ADMINISTR. 
t--------+-------1 Jonny Eriksson 

RESEARCH AND DEVELOPMENT 
Per-Eric Ahlstrom 

PLANNING AND SYSTEMS ANALYSIS 
Hans Forsstrom 

FACILITIES 

Operations Constructions 
B Gustafsson T Hedman 

NUCLEAR WASTE SERVICES 
Lars B Nilsson 

SKB organization 1985 

DIVISION OF RESEARCH AND DEVELOPMENT 

Research Director: Per-Eric Ahlstrom 

Deputy: Tonis Papp 

Secretary: Britt-Marie Stromstedt 

GEOSCIENCES SAFETY ANALYSIS 

Anders Heiner Tonis Papp 
Nils Kjellbert 

SITE INVESTIGATIONS CHEMISTRY 

Anders Heiner Fred Karlsson 
Harald Ahagen (instruments) 

TECHNOLOGY MATERIALS 

Anders Bergstrom Lars Werme 

INTERNATIONAL RELATIONS DOCUMENTATION & DATABASE 

Claes Thegerstrom Claes Thegerstrom 
Eva Lindholm 

JSS-PROJECT STRIPA PROJECT 

Hans Carlsson ~-- -- Lars Werme 

Organization of the R&D-division within SKB during 1985. 

Staff-Changes 
1. Britt-Marie Stromstedt was replaced by Maria 

Sommarlund on February 1, 1986. 

2. Anders Heiner was replaced by Goran Backblom 
on April 1, 1986. 

3. Karl-Erik Almen replaced Kurt Eriksson and Ha
rald Ahagen on February 17, 1986, as responsible 
for the site-investigations and the development of 
instruments. 
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4. Claes Thegerstrom will be on leave from SKB as 
from May 5, 1986, to work at OECD/NEA in Pa
ris. He will be replaced by Torsten Eng from June 
1, 1986. 

5. Hans Carlsson has been appointed manager for 
SwedPower/SKB Nuclear Waste Services as from 
August 1, 1986. He will be replaced by Bengt Still
borg. Kurt Eriksson left SKB September 1985. 
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TORS 
David B Curtis 
New Mexico, USA, March 1985 

TR 85-05 

DIFFUSIVITY MEASUREMENTS AND ELECTRI
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Alexander Ladding 
Chalmers Univ of Technology, Gothenburg, Sweden 

Lars Werme 
SKB, Stockholm, Sweden 

TR 85-09 

CONCENTRATION AND DISTRIBUTION OF 
NATURAL RADIONUCLIDES AT KLIPPERA.SEN 
AND BJULEBO, SWEDEN 
Bjorn Sundblad, Ove Landstrom, Rune Axelsson 
Studsvik Energiteknik AB 
1985-10-28 

TR 85-10 

CHEMICAL INTERACTIONS BETWEEN THE 
BENTONITE AND THE NATURAL SOLUTIONS 
FROM THE GRANITE NEAR A REPOSITORY 
FOR SPENT NUCLEAR FUEL 
Bertrand Fritz and Marie Kam 
Universite Louis Pasteur de Strasbourg 
Institut de Geologie 
Strasbourg, France 
July 1985 

TR 85-11 

HYDROCHEMICAL INVESTIGATIONS IN CRYS
TALLINE BEDROCK IN RELATION TO EXISTING 
HYDRAULIC CONDITIONS. EXPERIENCE 
FROM THE SKB TEST-SITES IN SWEDEN 

John Smellie, Nils-Ake Larsson 
Swedish Geological Company, Uppsala, Sweden 
Peter Wikberg 
Royal Institute of Technology, Stockholm, Sweden 
Leif Carlsson 
Swedish Geological Company, Goteborg, Sweden 
November 1985 



TR 85-12 

HYDROGEOLOGICAL INVESTIGATIONS AND 

TRACER TESTS IN A WELL-DEFINED ROCK 

MASS IN THE STRIPA MINE 
Peter Andersson, Carl-Erik Klockars 
Swedish Geological Company 
Division of Engineering Geology 
Uppsala 1985-11-29 

TR 85-13 

ANALYSIS OF HYDRODYNAMIC DISPERSION 

IN DISCRETE FRACTURE NETWORKS USING 

THE METHOD OF MOMENTS 
Anders Rasmuson 
Dep of Chemical Engineering 
Royal Inst of Technology 
Stockholm 
June 20, 1985 

TR 85-14 

RADIONUCLIDE MIGRATION IN STRONGLY 

FISSURED ZONES - THE SENSITIVITY TO SOME 

ASSUMPTIONS AND PARAMETERS 
Anders Rasmuson, Ivars Neretnieks 
Dep of Chemical Engineering 
Royal Inst of Technology, Stockholm 
August 7, 1985 

TR 85-15 
DIFFUSION MEASUREMENTS OF CESIUM AND 

STRONTIUM IN BIOTITE GNEISS 
Kristina Skagius, Ivars Neretnieks 
Dep of Chemical Engineering 
Royal Inst of Technology, Stockholm 
1985-12-30 

TR 85-16 

THE CORROSION OF SPENT UO2 FUEL IN SYN

THETIC GROUNDWATER 
R S Forsyth 
Studsvik Energiteknik AB 
Nykoping, Sweden 

LO Werme 
The Swedish Nuclear Fuel and Waste Management 

Co (SKB) 
Stockholm, Sweden 

J Bruno 
Royal Institute of Technology 
Dept of Inorganic Chemistry 
Stockholm, Sweden 
October 1985 

TR 85-17 
SEALING OF ROCK FRACTURES 
A SURVEY OF POTENTIALLY USEFUL 
METHODS AND SUBSTANCES 
Roland Pusch, Mikael Erlstrom, Lennart Borgesson 

Swedish Geological Co, Lund 

December 1985 
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TR 85-18 

PROCEDURES FOR UNCERTAINTY AND SENSI

TIVITY ANALYSIS IN REPOSITORY PERFOR

MANCE ASSESSMENT 
Kurt Porn, Ove Akerlund 
Studsvik Energiteknik AB, Nykoping 
1985-10-10 

TR 85-19 

EVALUATION OF SINGLE-HOLE HYDRAULIC 

TESTS IN FRACTURED CRYSTALLINE ROCK 

BY STEADY-STATE AND TRANSIENT METHODS 

Jan-Erik Andersson, Ove Persson 
Swedish Geological Company, Uppsala 
December 1985 
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I SKB Technical Report No 85-011 

ANNUAL RESEARCH AND DEVELOP
MENT REPORT 1984 

Including Summaries of Technical Reports 
Issued during 1984. 

Stockholm June 1985 

ABSTRACT 

This is the annual report on the activities of the re

search and development division (formerly KBS-divi

sion) of the Swedish Nuclear Fuel and Waste Manage

ment Company, SKB. It contains background infor

mation on the Swedish nuclear waste management 

system. The research and development program of 

SKB is presented and a review is made of progress 

during 1984 in different areas of the program. 

Lectures and publications during 1984 are listed in 

an appendix. The report also contains the summaries 

of all technical reports issued during 1984. 

I SKB Technical Report No 85-02 j 

THE TAAVINUNNANEN GABBRO 
MASSIF. 
A COMPILATION OF RESULTS FROM 
GEOLOGICAL, GEOPHYSICAL AND 
HYDROGEOLOGICAL INVESTIGA
TIONS 

Bengt Gentzschein 
Sven-Ake Larson 
Eva-Lena Tullborg 
Swedish Geological Company 

Uppsala, January 1985 

ABSTRACT 

The gabbro massif at Taavinunnanen, northern Swe

den, is one of the study sites which has been investi

gated by the Swedish Nuclear Fuel and Waste Man

agement Co (SKB) in order to study different geologi

cal environments within the scope of the longrange 

program for final disposal of spent nuclear fuel. 

A 700 metres long borehole was drilled within the 

gabbro. Regional geophysics, geological mapping, 

petrographical studies, mineralogical studies of rock

forming minerals and of fracture fillings as well as 

hydrogeological tests were carried out. 
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The gabbro shows primary differentiation. Thus, 

the composition varies from gabbroic to ultrabasic. 

The gabbro body is intersected by several granite 

dikes. These dikes exhibit a higher hydraulic conduc

tivity and a higher fracture frequency than the gab bro. 

Comparison of hydraulic conductivity and fracture 

frequency in the gabbro itself indicates a high degree 

of sealing of the fractures mainly caused by smectites. 

Calcite is almost lacking down to a depth of 75 

metres, indicating a relatively rapid transport of sur

face waters down to this depth. 

I SKB Technical Report No 85-031 

POROSITIES AND DIFFUSIVITIES OF 
SOME NON-SORBING SPECIES IN CRYS
TALLINE ROCKS 

Kristina Skagius 
Ivars Neretnieks 
The Royal Institute of Technology 
Department of Chemical Engineering 

Stockholm, 1985-02-07 

SUMMARY 

The diffusion of non-sorbing species in different rock 

materials and fissure coating materials has been stud

ied on a laboratory scale. The non-sorbing species 

were iodide, Uranine and Cr-EDTA. The results 

show that the effective diffusivity of iodide in rock 

materials with fissure coating material is of the same 

magnitude or higher than the effective diffusivity of 

iodide in rock materials without fissure coating mate

rial. The results also show that it is not possible to give 

one value of the diffusivity in a rock material from a 

certain area. The variations in the rock material are 

too large. The estimated effective diffusivity of iodide 

in rock materials without fissure coating material was 

found to be in the range 1 · 10-14 m2/s to 70 · 10-14 m2/s. 

The results also emphasize the necessity to distin

guish between different porosities. The effective dif

fusivity is dependent on the "transport" porosity. This 

means that a higher determined total porosity does 

not always lead to a higher effective diffusivity. 

There are also some indications that the relation 

between the effective diffusivity of a component in a 

rock material and the bulk phase diffusivity of the 

same component is not only depending on the proper

ties of the rock material but also to some extent on the 

diffusing component. 



j SKB Technical Report No 85-04 j 

THE CHEMICAL COHERENCE OF 
NATURAL SPENT FUEL AT THE OKLO 
NUCLEAR REACTORS 

David B. Curtis 
New Mexico, USA, March 1985 

ABSTRACT 

Uraniferous rocks m the Oklo mine contain the 
wastes of natural fission reactors, which were critical 
two billion years ago. Interment of these natural 
wastes is analogous to the storage of man-made spent 
reactor fuel for much longer times than are required 
for the radioactive elements to decay to innocuous 
levels. The natural nuclear products were formed in
situ within the grains of the mineral uraninite, the 
primary host for the natural wastes. Grains of urani
nite are dispersed in a clay matrix and these phyllitic 
rocks are enclosed in sandstone. Uraninite has been 
remarkably stable during the extreme length of time 
that has passed since nuclear criticality. More than 
90% of the fuel has remained in the spatial configura
tion that it had during criticality. Many nuclear pro
ducts, including the actinides and the rare earth ele
ments, have also largely remained in place. The stabil
ity of these elements can probably be attributed to 
their containment within in the stable uraninite host. 
Other nuclear products have not been effectively con
tained in the rocks of the reactors. These elements 
include technetium, the alkali and the alkaline earth 
elements. Their loss manifests their incompatibility 
within the uraninite host. They were probably ex
cluded from this mineral in response to the extreme 
conditions produced during nuclear criticality. Many 
of the nuclear products removed from their site of 
production have been contained within the peripheral 
sandstone. This geologic environment provided effec
tive containment of many of the reactor products. 
Massive deficiencies of lead represent a serious failure 
to contain a radioactive decay product within the geo
logic environment of the sandstones that comprise the 
Oklo ores. 
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I SKB Technical Report No 85-051 

DIFFUSIVITY MEASUREMENTS AND 
ELECTRICAL RESISTIVITY MEASURE
MENTS IN ROCK SAMPLES UNDER ME
CHANICAL STRESS 

Kristina Skagius 
Ivars Neretnieks 
The Royal Institute of Technology 
Department of Chemical Engineering 
Stockholm, 1985-04-15 

SUMMARY 

At expected radioactive waste repository depths in 
the ground the rock is exposed to rather high stresses 
caused by the large overburden of rock. When drill
cores are taken up from the ground this overburden 
no longer exists. As a result of this there might be an 
increase in the porosity of the rock samples. The ef
fective diffusivity measured in rock samples under 
atmospheric pressure in the laboratory would then be 
higher than the effective diffusivity in the rock "in 
situ". 

To simulate the stress that may exist in the bedrock 
at large depths, diffusion experiments with iodide and 
electrical resistivity measurements in rock materials 
under mechanical stress have been performed. It was 
found that the diffusivity in rock samples at 300-350 
bars stress was reduced to 20-70% of the value in the 
samples under atmospheric pressure. 

j SKB Technical Report No 85-06 j 

MECHANICAL PROPERTIES OF GRANI
TIC ROCKS FROM GIDEA., SWEDEN 

Christer Ljunggren 
Ove Stephansson 
OveAlm 
Hossein Hakami 
Ulf Mattila 
Div of Rock Mechanics 
University of Lulea 
Lulea, Sweden, October 1985 

ABSTRACT 

The elastic and mechanical properties were deter
mined for two rock types from the Gidea study area. 
Gidea is located approximately 30 km north-east of 



Ornskoldsvik, Northern Sweden. The rock types that 
were tested were migmatitic gneiss and migmatitic 
granite. 

The following tests were conducted: 
- sound velocity measurements 
- uniaxial compression tests with acoustic emission 

recording 
- brazilian disc tests 
- triaxial tests 
- three point bending tests 

All together, 12 rock samples were tested with each 
test method. Six samples of these were migmatitic 
gneiss and six samples were migmatitic granite. 

The result shows that the migmatitic gneiss has 
varying strength properties with low compressive 
strength in comparison with its high tensile strength. 
The migmatitic granite, on the other hand, is found to 
have parameter values similar to other granitic rocks. 

I SKB Technical Report No 85-07 I 

COMPLEX FORMING PROPERTIES OF 
NATURAL OCCURING FULVIC ACIDS 

Part 1. Complexes with Cadmium, Copper and Cal-
cium 

Jacob A. Marinsky 
A. Mathuthu 
M. Bicking and 
J. Ephraim 
State University of New York at Buffalo 
Buffalo, New York 14214 
July 1985 

ABSTRACT 

The experimental program developed in our earlier 
investigations of the protonation equilibria encoun
tered with Armadale Horizons Bh and Suwannee Riv
er fulvic-acid has been employed in the present inves
tigation of a Swedish fulvic acid source. Complica
tions introduced by the polyelectrolyte nature and the 
degree of heterogeneity in the functional unit content 
of this natural organic acid molecule have been re
solved as they were with the previous fulvic acid sam
ples. The physical chemical properties of this fulvic 
acid have been compared with those resolved for the 
Armadale Horizons Bh and the Suwannee River ful
vic acid as well. 

The insight gained from these protonation studies 
and metal ion binding studies, also carried out in the 
course of this investigation, has led to the develop
ment of a model for interpretation of the binding of 
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metal ions to fulvic acid at any pH, medium ionic 
strength, and metal ion and fulvic acid concentration 
level. 

I SKB Technical Report No 85-081 

IN SITU ONE-YEAR BURIAL EXPERI
MENTS WITH SIMULATED NUCLEAR 
WASTE GLASSES 

Larry L. Hench 
Derek Spilman and 
T. Buonaquisti 
College of Engineering 
Univ. of Florida, Gainesville, USA 
Alexander Ladding 
Chalmers Univ. of Technology, Gothenburg, Sweden 
Lars Werme 
SKB, Stockholm, Sweden 

ABSTRACT 

Two simulated nuclear waste glasses were corroded in 
an in-situ experiment in the Stripa mine up to one year 
at 90°C and ambient temperature. Changes in compo
sitional in-depth profiles were measured using Four
irer transform infrared reflection spectroscopy, SIMS 
and Rutherford back-scattering. 

For glass/glass interfaces, both glasses showed de
pletion of Na, Cs and B, but for the more corrosion 
resistant glass, the lower depletion is ascribed to the 
formation of a thin (0.2 nm) coherent and dense outer 
layer, enriched in Mg, Ca, Sr, Ba, Zn-Al), and Si, 
which impedes both ion exchange and network attack 
of the bulk underneath. 

For the bentonite interfaces, cation exchange of Ca, 
Mg, Al and Fe from the bentonite for primarily Na 
and B is found to produce a glass surface that has three 
silicate-rich layers. The larger concentrations of M2+ 

and M3+ cations and the high silica content of the 
reaction layers result in a considerably retarded rate 
of ion exchange after the formation of these layers 
during the first three months of burial. 

The granite interfaces showed the lowest rate of 
attack. This appears to be due to a large increase of Fe 
and Al within the glass surfaces exposed to granite. 

The results obtained using Rutherford back-scat
tering confirm the results obtained using the other 
techniques for surface analysis.Analysis of burial sam
pels cast in steel mini-canisters show no significant 
effects associated with the steel canister-glass inter
face. 



j SKB Technical Report No 85-091 

CONCENTRATION AND DISTRIBUTION 
OF NATURAL RADIONUCLIDES AT 
KLIPPERA.SEN AND BJULEBO, SWEDEN 

Bjorn Sundblad 
Ove Landstrom 
Rune Axelsson 

Studsvik Energiteknik AB 
1985-10-28 

ABSTRACT 

The recipient areas Klipperasen and B julebo are com

pletely different. Bjulebo is a coastal site at the Baltic 

where two types of recipients are identified: a brack

ish bay and a lake. Klipperasen on the other hand is an 

inland site where the recipients are bogs. One of these 

is the rest of a former lake and situated above a 

marked fracture zone in the bedrock. 

Gamma ray surveys, which covered representative 

soil types, gave average exposure rate values of about 

18 µR/h for both sites. This corresponds to a radiation 

dose of about 1.5 mSv/y. 

Concentrations of Th and U were determined in 

rock, soil and plant samples and activities of Ra-226, 

Ra-228, Th-228, Cs-137 and K-40 in soil and plant 

samples. Average concentrations in Klipperasen sam

ples are for granite (dominating rock) 20.7 ppm, Th 

and 6.6 ppm U, for soil (upper zone) 5.6 ppm Th and 

2.9 ppm U and for peat 1.8 ppm Th and 2.4 ppm U 

(dry weight). Fairly high concentrations were ob

served in some organic soil samples, 11.5 ppm Th and 

13.1 ppm U. The nuclides in the U and Th decay 

chains are usually in disequilibrium, indicating differ

ent migration patterns for the radium, uranium and 

thorium isotopes. A much higher root uptake of ra

dium isotopes as compared to uranium and thorium 

isotopes was observed. 

The water quality and the content of U, Ra-226 and 

Rn-222 in ground- and surface water samples were 

determined. The Ra-226/U-238 activity ratio is in 

average 0.1 for the Bjulebo and 3.1 for the Klippera

sen water samples, i e the uranium content is roughly 

the same whereas the Ra-226 content is very low in 

the Bjulebo water samples. 
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j SKB Technical Report No 85-10 

CHEMICAL INTERACTIONS BETWEEN 
THE BENTONITE AND THE NATURAL 
SOLUTIONS FROM THE GRANITE NEAR 
A REPOSITORY FOR SPENT NUCLEAR 
FUEL 

Bertrand Fritz and 
Marie Kam 

Universite Louis Pasteur de Strasbourg 
Institut de Geologie 
Strasbourg Cedex, France 

ABSTRACT 

The chemical evolution of a bentonite in contact with 

two different aqueous solutions from swedish granitic 

massifs has been studied by geochemical modelling of 

mass transfers. 
The initial solutions are natural solutions from drill

holes, one shallow diluted groundwater and one more 

saline solution from a deep aquifer in the granite. In 

order to model the behavior of bentonite in a reposi

tory for spent nuclear fuel (SKB project, Stockholm), 

the clay/solution ratio was taken very high ( 4 kg/kg or 

10 moles of bentonite/kg H20 ). The solubility product 

of the reacting bentonite has been estimated from 25 

to 200°C using a solid solution model. 

With these datas the calculations showed that the 

bentonite does not remain stable with respect to the 

solutions along the heating curve (25 to 100°C). The 

alteration of the bentonite may change a lot the chem

istry of the solutions and produce a secondary clay 

(smectite) and calcite, zeolite (laumontite) and amor

phous silica. The mass transfer is always less impor

tant for the most saline water. 

However, these mass transfers and chemical evolu

tions of the solutions correspond to an overall limited 

degradation of the bentonite phase because of an in

terne self buffering effect due to a high clay/water 

ratio. In particular no evolution to an illite type clay 

has been detected with no evidence for a potassium 

uptake in the exchangeable sites in a closed clay + 
water system. 



I SKB Technical Report No 85-11 I 

HYDROCHEMICAL INVESTIGATIONS 
IN CRYSTALLINE BEDROCK IN RELA
TION TO EXISTING HYDRAULIC CON
DITIONS. EXPERIENCE FROM THE SKB 
TEST-SITES IN SWEDEN 

John Smellie 
Nils-Ake Larsson 
Swedish Geological Company, Uppsala, Sweden 

Peter Wikberg 
Royal Institute of Technology, Stockholm, Sweden 

Leif Carlsson 
Swedish Geological Company, Goteborg, Sweden 

November 1985 

ABSTRACT 

This report represents the compilation, discussion 

and interpretation of hydrochemical and hydraulic 

data resulting from the SKB test-site investigations 

carried out over a period of three years (1982-84). By 

systematically applying hydrological and geological 

considerations to each sampled horizon, it has been 

possible to differentiate between those groundwaters 

which are reasonably representative for the depth 

sampled, from those which have been subject to con

tamination from different sources. Groundwaters 

which are here considered representative are defined 

as those which show no evidence of mixing with other 

water sources, whether from drilling water, younger, 

nearsurface water, or other deeper groundwaters. As 

a consequence, only a very few sampled horizons can 

be considered worth serious hydrochemical attention. 

The lack of representative groundwater samples, 

whilst often due to technical problems or sampling 

from non-conductive sections of the boreholes, also 

illustrate the extremely complex geometry of the per

meable fracture systems in crystalline bedrock, and 

thus the difficulty of establishing the nature and depth 

relation of the groundwater reservoir tapped. 

Although the main findings of this study have re

vealed gross inadequacies in the hydrochemical pro

gramme, valuable experience has nevertheless been 

gained. Consequently, some of the improvements re

commended in Section 7 of this report have been al

ready implemented resulting in higher sampling stan

dards and thus water samples which are much more 

representative for the hydrogeological environment 

under investigation. 
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I SKB Technical Report No 85-12 J 

HYDROGEOLOGICAL INVESTIGA
TIONS AND TRACER TESTS IN A WELL
DEFINED ROCK MASS IN THE STRIPA 
MINE 

Peter Andersson 
Carl-Erik Klockars 

Swedish Geological Company 
Division of Engineering Geology 

Uppsala 1985-11-29 

ABSTRACT 

This report presents the results from hydraulic tests 

and tracer test in a well-defined, fractured, but low 

conductive granite in the Stripa mine. The purpose 

has been to study the properties of the rock and the 

fractures regarding hydraulic conductivity (K) and 

tracer transport. 

The K-value of the rock has been determined by 

hydraulic single-hole tests. The heterogeneity of the 

rock has been studied by hydraulic cross-hole tests 

and the transport mechanisms and fracture properties 

by non-sorbing tracer test. The test configuration is 

cylindrical with injection in the centre hole and detec

tion in 8 peripheral holes evenly distributed on the 

mantle area of a cylinder, radius 1.5 m. 

The result from the single-hole tests in 1 m sections 

show a K-value between 1 E-9 and 7 E-12 m/s. The 

cross-hole tests indicate that the rock cannot be treat

ed as a homogeneous, anisotropic, porous medium in 

the scale of this investigation. However, the method is 

a valuable help in identifying flow paths. The tracer 

test indicates that 3% of the total number of fractures 

are conducting water and that channeling occurs with

in the fracture planes. From the tracer test and the 

hydraulic tests, hydraulic fracture conductivity, flow 

porosity and longitudinal dispersion have been deter

mined for different flow paths within the same dis

tance from the injection hole. 



jsKB Technical Report No 85-13 j 

ANALYSIS OF HYDRODYNAMIC DIS
PERSION IN DISCRETE FRACTURE 
NETWORKS USING THE METHOD OF 
MOMENTS 

Anders Rasmuson 
Dep of Chemical Engineering 
Royal Inst of Technology 
Stockholm 
June 20, 1985 

ABSTRACT 

Recent field investigations in crystalline rock give 
strong indications that water flows in largely isolated 
channels in fissured rock. The channels are located in 
fracture planes and may not connect to other channels 
in the same plane or at fracture intersections. In the 
present paper, hydrodynamic dispersion in such frac
ture networks is investigated using the concepts of 
residence time distribution (RTD) theory. It is shown 
that, from a set of simple relations, at least the first 
four statistical moments for the system response are 
easily obtained even for complicated networks. In 
particular, an equivalent dispersion coefficient may be 
calculated from the second central moment (vari
ance). The effect of channeling generally decreases in 
systems with many mixing steps. A criterion, based on 
the coefficients of skewness and kurtosis, is derived 
for when the response of the system is in accordance 
with the diffusion-dispersion model. Examples show 
that this limit may not be obtained under realistic 
repository conditions in fissured rock. 

I SKB Technical Report No 85-14 j 

RADIONUCLIDE MIGRATION IN 
STRONGLY FISSURED ZONES - THE 
SENSITIVITY TO SOME ASSUMPTIONS 
AND PARAMETERS 

Anders Rasmuson, lvars Neretnieks 
Dep of Chemical Engineering 
Royal Inst of Technology, Stockholm 
August 7, 1985 

SUMMARY 

Radionuclides escaping from a repository for high lev
el nuclear waste in crystalline rock may eventually be 
carried by the flowing water in fissure zones. In such 
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zones the rock is broken in blocks of varying sizes and 
shapes. Also, the water velocity may vary consider
ably in such zones. A previously developed model 
which lumps the different blocks into a single PSEU
DOBODY is tested by comparing it with an exact 
analytical solution which can account for the diffusion 
into blocks of any size distribution. The approximate 
simplified model which is based on a numerical 
scheme, and thus is more versatile, gives errors which 
are small compared to the "normal" variation in ob
served block size distributions and other data. 

A method for determining an "average" Peclet 
number ( or dispersion length) in a strongly varying 
velocity field is tested and found to give small errors 
compared to the present confidence limits in predict
ing dispersion data for large migration distances. 

A simple criterion is proposed for defining the cut
off limit in the block size distribution, below which the 
blocks can be modelled as if they were in equilibrium 
with the flowing water. 

A simple sensitivity analysis shows that much can be 
gained if the confidence limits for block size distribu
tion, water flow rate, dispersion data, sorption data, 
and matrix diffusion data can be narrowed down. 

I SKB Technical Report No 85-151 

DIFFUSION MEASUREMENTS OF CE
SIUM AND STRONTIUM IN BIOTITE 
GNEISS 

Kristina Skagius, Ivars Neretnieks 
Dep of Chemical Engineering 
Royal Inst of Technology, Stockholm 

1985-12-30 

SUMMARY 

A significant retardation of radionuclides transported 
by flowing water from an underground repository can 
be expected if the nuclides are able to diffuse into the 
water filled micropores in the rock. This diffusion into 
the pores will also increase the surface available to 
interactions between the nuclides in the groundwater 
and the rock material, such as sorption. To calculate 
the retardation it is necessary to know the sorption 
properties and the diffusivities in the rock matrix for 
the radionuclides. 

Diffusion experiments with cesium and strontium in 
biotite gneiss samples have been performed. Both the 
transport of strontium and cesium through rock sam-



pies and the concentration profiles of cesium and 

strontium inside rock samples have been determined. 

The result shows that diffusion of cesium and stron

tium occurs in the rock material. 

A diffusion model has been used to evaluate the 

diffusivity. Both pore diffusion and surface diffusion 

had to be included in the model to give good agree

ment with the experimental data. If surface diffusion 

is not included in the model, the effective pore diffusi

vity that gives the best fit to the experimental data is 

found to be higher than expected from earlier mea

surements of iodide diffusion in the same type of rock 

material. This indicates that the diffusion of cesium 

and strontium (sorbing components) in rock material 

is caused by both pore diffusion and surface diffusion 

acting in parallel. 
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ABSTRACT 

Leaching of high burnup BWR fuel for up to 3 years 

showed that both U and Pu attain saturation rapidly at 

pH 8.1, giving values of 1-2 mg/I and I µg/1 respective

ly. The leaching rate for Sr-90 decreased from about 

10-5/d to 10-7/d but was always higher than the rates for 

U, Pu, Cm, Ce, Eu and Ru. Congruent dissolution 

was only attained at pH values of about 4. 

When reducing conditions were inposed on the pH 

8.1 groundwater by means of Hzf Ar in the presence of 

a Pd catalyst, significantly lower leach rates were at

tained. 

The hypothesis that alpha radiolytic decomposition 

of water is a driving force for U02 corrosion even 

under reducing conditions has been examined in 

leaching tests on low burnup (low alpha dose-rate) 

fuel. No significant effect of alpha radiolysis under the 

experimental conditions was detected. Thermody

namically the calculated uranium solubilities in the 

pH range 4-8.2 generally agreed, well with the mea

sured ones, although assumptions made for certain 

parameters in the calculations limit the validity of the 

results. 
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SEALING OF ROCK FRACTURES 
A SURVEY OF POTENTIALLY USEFUL 
METHODS AND SUBSTANCES 
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SUMMARY 

The major water-bearing fracturs in granite usually 

form fairly regular sets but the extension and degree of 

connectivity is varying. This means that only a few 

fractures that are interconnected with the deposition 

holes and larger water-bearing structures in a HL W 

repository are expected and if they can be identified 

and cut off through sealing it would be possible to 

improve the isolation of waste packages very effec

tively. 
Nature's own fracture sealing mechanisms may be 

simulated and a survey of the involved processes actu

ally suggests a number of possible filling methods and 

substances. Most of them require high temperature 

and pressure and correspondingly sophisticated tech

niques, but some are of potential interest for immedi

ate application with rather moderate effort. Such a 

technique is to fill the fractures with clayey substances 

which stay flexible and low-permeable provided that 

they remain physically and chemically intact. Clay 

grouting has been tried for many years with very mod

erate success by applying a constant, static pressure. It 

is demonstrated in the report that effective grouting 

requires a very low viscosity and shear strength of the 

substance and this can be achieved by mechanical agi

tation as demonstrated in this report. Thus, by super

imposing static pressure and shear waves induced by 

percussion hammering at a suitable frequency, clays 

and fine-grained silts as well as cement can be driven 

into fractures with an average aperture as small as 0.1 

mm. A suitable consistency of the grouts is that corre

sponding to their Atterberg liquid limit. 

Experiments were made in the laboratory using 

concrete and steel plates, and a field pilot test was also 

conducted under realistic conditions on site in Stripa. 

They all demonstrated the practicality of the "dyna

mic injection technique" and that the fluid condition 

of the grouts yielded complete filling of the injected 

space to a considerable distance from the injection 

point. The field test indicated a good sealing ability as 

well as a surprisingly high resistance to erosion and 



piping. Long term tests are required, however, to 

demonstrate the durability of such sealings and it is 

also required to show that the fillings are chemically 

stable in repository environment. 
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ABSTRACT 

This report was prepared as an account of work spon

sored by the Swedish Nuclear Fuel and Waste Man

agement Co. The objective of the project was mainly a 

literature study of available methods for the treatment 

of parameter uncertainty propagation and sensitivity 

aspects in complete models such as those concerning 

geologic disposal of radioactive waste. The study, 

which has run parallel with the development of a code 

package (PROPER) for computer assisted analysis of 

function, also aims at the choice of accurate, cost-ef

fective methods for uncertainty and sensitivity analy

sis. Such a choice depends on several factors like the 

number of input parameters, the capacity of the model 

and the computer resources required to use the mod

el. 

Two basic approaches are addressed in the report. 

In one of these the model of interest is directly simu

lated by an efficient sampling technique to generate 

an output distribution. Applying the other basic meth

od the model is replaced by an approximating analy

tical response surface, which is then used in the sam

pling phase or in moment matching to generate the 

output distribution. Both approaches are illustrated 

by simple examples in the report. 
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ABSTRACT 

The results from a large number of single-hole packer 

tests in crystalline rock from three test sites in Sweden 

have been analysed statistically. Average hydraulic 

conductivity values for 25 m long test intervals along 

boreholes with a maximal length of about 700 m are 

used in this study. A comparison between steady state 

and transient analysis of the same test data has been 

performed. 
The mean value of the hydraulic conductivity deter

mined from steady state analysis was found to be 

about two to three times higher compared to values 

obtained in transient analysis. However, in some cases 

the steady state analysis resulted in 10 to 20 times 

higher values compared to the transient analysis. Such 

divergence between the two analysis methods may be 

caused by deviations from the assumed flow pattern, 

borehole skin effects and influence of hydraulic 

boundaries. 




