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Abstract

According to the present plans the spent nuclear fuel from four Finnish nuclear power units will be
transferred after interim storage to the final disposal site where it will be encapsulated and disposed of in a final
repository constructed into the bedrock at a depth of 500 meters. Low and medium level waste generated at
nuclear power plants will be finally disposed of in caverns constructed in the bedrock at the power plant site. The
safety of the final disposal is based on a multibarrier concept and the degree of safety is estimated by using
predictive models. The properties of the waste form are taken into account in the design of the repository
construction. Bitumen has been chosen as an immobilisation agent for the wet wastes at Olkiluoto Power Plant,
where two BWR units, TVO 1 and TVO 2, have separate bituminization facilities designed by Asea-Atom.
Properties of bituminized spent ion-exchange resins from Olkiluoto power plant have been studied by VTT
Chemical Technology since the late 70 s. These studies have concentrated mainly on determining the long-term
behaviour of the bituminization product under the repository conditions. Current interest lies on wetted product
as a diffusion barrier. For this purpose a microscopic method for the visualisation of the structure of the wetted
product has been developed. The equilibration of the samples in simulated concrete groundwater is currently
going on at a temperature of 5-8°C. Preliminary results are presented in this paper. Diffusion experiments have
been planned for the further characterising of the wetted product as a release barrier for radionuclides including
modelling.

1. INTRODUCTION

Approach of the studies has all along been experimental. Both real and simulated bituminized
products have been studied. The main emphases have been put on long term leach testing, water
absorption and swelling. The rewetting of the product will increase the volume by 30 %, which is
already taken into account in the void volume of the concrete casks. Other topics have been the
separation of the granular ion-exchange particles due to density differences during the cooling period,
corrosion of the steel drums, fire and impact testing of whole drums and radiolytic swelling. Long-
term tests on the interaction of water and bituminized ion-exchange resin products [l^t] have been
underway for about 17 years and are still continuing. In these long-term studies, the laboratory-size
product samples made of granular ion-exchange resin have taken up amounts of water, which exceed
the absorption capacity of the rewetting ion exchangers. The samples still continue to swell without
levelling-off, which indicates void structure formation. Rewetting of bitumen ion-exchanger mixture
is a diffusion-like process in the case of properly mixed products without voids. However, in real
bituminized ion-exchange resin product, all resin particles are not completely isolated by intact layers
of bitumen, but are in contact with each other. The possible voids in the product thus form a
complicated migration labyrinth. The purpose of the research now in progress is to study the ageing
behaviour of bituminized ion-exchanger product under simulated repository conditions. Normal leach
tests are not adequate for assessment of long-term barrier properties of the product. Most leach test
and water absorption tests have been performed at room temperature. However, the rate of water
uptake and swelling has been found to be much faster at low temperatures [5]. The chosen
temperature in this study is 5-8°C and the equilibration media is simulated concrete water to simulate
the conditions in the repository. One of the aims is to study the wetting process of the product in
microscale. By microscopic examination it is possible to gain more information about the behaviour
of bituminized ion-exchange product as a function of time. This method offers a possibility to
determine visually the velocity of the wetting front, the structural changes due to the wetting process
and to find out the possible reaction mechanism. Simultaneously with the wetting of microscopic
samples there are also in the same simulated concrete water identical samples for diffusion
experiments. The wetting of the bituminized ion-exchange resin specimens will take about 3 years



before they are ready for diffusion studies. Later on diffusion parameters will be measured with
wetted product using some important radionuclides. The aim of this work is to study the properties of
wetted product as a release barrier for such important waste nuclides as 90Sr and l37Cs. Because the
half-lives of these nuclides are about 30 years it would be beneficial for the safety analysis if a
retardation effect could be counted on the wetted bituminization product.

2. REPOSITORY CONCEPT

In Finland, there are four nuclear power units: two BWR units at Olkiluoto designed by Asea-
Atom and two PWR units VVR 440 at Loviisa. The units generate about 30 % of the Finnish demand
for electricity. The radioactive wastes that accumulate during the operation of a nuclear power plant
are divided into two separate waste streams namely, highly active spent fuel and operating waste. In
accordance with the target schedule set by the Council of State in 1983, preparations have been made
relating to the direct disposal of spent fuel from the Finnish nuclear power plants deep into the
Finnish bedrock. The final disposal site will be chosen in the year 2000 and the necessary facilities
will be constructed during the second decade of the next century. The actual final disposal operations
are scheduled to begin around 2020. At present there are four candidate locations. According to the
present plans the spent nuclear fuel of the Finnish nuclear power plants will be transferred after
interim storage of tens of years, to the final disposal site where it will be encapsulated and disposed of
in final repository constructed into the bedrock at a depth of 500 meters. The final disposal of spent
fuel in Finland is trusted to Posiva Oy.

Operating wastes include medium active process water filtering masses and low active waste,
mainly produced in maintenance and repair work. Low active waste, such as plastic covers, used
tools; protective clothing and towels are compressed into drums or steel containers. Liquid radioactive
waste, such as medium active process water filtering masses is solidified. Bitumen has been chosen as
an immobilisation agent for the wet wastes at Olkiluoto Power Plant. At Loviisa Power Plant the
decision on solidification agent has not been made yet. The tightly packed operational waste is finally
disposed of in the VLJ Repository at Olkiluoto since 1992, and also at Loviisa since 1997.

After interim storage the waste drums are packed in concrete casks, 16 or 12 drums in each, and
these are piled layer upon layer in the concrete silo of the VLJ Repository. The silo, which was
commissioned in 1992, is situated in the bedrock at the power plant site. The interim period at the site
is quite short, because the filling of the silo has been going on for decades. According to the present
concept the silo will be filled after the closure with local surface water from a river nearby. These
interactions will cause the chemistry of the water in the repository to change. The pH of the water in
contact with the concrete structure of the silo will become basic and reach a pH value of about 12.
When groundwater is in contact with the bituminized products it is absorbed and an increase in weight
and volume is caused, which also brings about leaching of the radioactive nuclides. Fig. 1 depicts the
silo concept.

3. WETTING OF BITUMINIZATION PRODUCT

3.1. Preparation of specimens

In the preparation of the test specimens for the diffusion experiment, a mixture of ratio 1:1
bitumen and dried ion exchangers was used. The casting temperature was about 140 °C. The mixture
was cast in a specimen holder (od. 52 mm, id. 40 mm and height 40 mm). At the bottom of the holder
a teflon plug ensures the positioning of the cast sample at the centre. The thickness of the specimen
was about 20 mm when a portion of 30 g of mixture was used. The specimen holder was planned such
that the sample was in the centre and there was a space of 10 mm in both ends of the sleeve for
swelling. The chosen wall thickness of the sleeve was 6 mm, so that after the wetting period the
sample holder could be directly connected to end plates made of polyethylene. For the tightening of
the junctions o-rings were used. These end plates will be used when constructing diffusion cells for
the future diffusion tests. A cross-section of the specimen holder is presented in Fig. 2.
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FIG. 1. The final disposal site for low- and medium level wastes at Olkiluoto Power Plant (VLJ
Repository). The bottom level of the silo is about 100 m below the ground surface.
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FIG. 2. A cross-section of the sample holder.

For the diffusion experiments, 20 specimens have been prepared by this method. In the
preparation of microscopic specimens sample holders were identical except the wall thickness.
Because the sample holders must be opened after certain period of wetting, the wall thickness is only
1 mm. The sleeve material is the same as for the diffusion sample holders and the bituminized ion-
exchanger mixture used for casting had the identical composition as mentioned above. By this
method 30 specimens have been prepared for microscopic examination.



3.2. Equilibration conditions

The equilibration temperature is 5-8°C. The media is a simulated concrete ground water to
simulate the conditions in the silo. The composition of the simulated ground water is
presented in Table I. Calculated ion concentrations and the pH value of the simulated
concrete groundwater are presented Table II.

TABLE I. CHEMICAL COMPOSITION OF THE SIMULATED GROUNDWATER

Chemicals
Na2SO4

NaCl
Ca(OH)2

KC1
KOH

mg/L
73.94
264.07
739.47
62.68
24.58

TABLE H. CALCULATED ION CONCENTRATIONS AND pH VALUE IN
THE SIMULATED GROUNDWATER

Ion
Na +

K +

Ca++

cr
OH"
SO4--
PH

mg/L
127.82
50.00
400.00
190.00
346.92
50.00
12.31

Simulated concrete groundwater was prepared by adding the chemicals to CO2 free distilled
water in a small plastic barrel. To prevent the interaction between the equilibration solution and
atmospheric CO2, two valves were installed on the lid and thus it was possible to arrange nitrogen
flow through the solution overnight. Following morning all the specimens were piled to the bottom of
the barrel. The lid was closed tightly and the nitrogen flow was connected on again. After four hours
the nitrogen flow was disconnected and the small barrel was placed into a larger barrel. Between these
barrel walls NaOH solution (1%) was poured. The lid of the larger plastic barrel was closed and
through the two valves on the lid the space between barrels could be purged with nitrogen. After that
the tight, closed, nitrogen purged barrel system was placed to an icebox where the temperature in this
test is 5-8°C. The barrel system is presented schematically as a cross-section in Fig. 3.

The rate of water uptake and swelling has been found to be much faster at low temperatures
than at room temperature [5]. A plausible explanation is cracking of the matrix due to the
brittleness of bitumen at low temperatures. The wetting of the bituminized ion-exchange resin
specimens will take about 3 years before they are ready for diffusion studies. Water absorption
of the specimen will be followed-up regularly during the wetting period. A breakthrough test
with tritium will be done with one specimen to detect the end-point of the equilibration.
Simultaneously with the wetting of diffusion samples, there are in the same barrel identical
samples for microscopic examination. Their water absorption is also followed-up regularly,
simultaneously with the diffusion samples. From these samples three will be picked up at a
time for microscopic examination.
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FIG. 3. Wetting barrel system for the bituminized ion-exchange resin specimens to isolate
atmospheric CO2from the concrete water.

3.3. Microscopic examination

Microscopic examination of the bituminized ion-exchange samples has been performed by
using a stereo microscope of type Wild M8. The magnification required ranges from 10 to 100. The
equipment is provided with a camera adapter for documentation. A cold light source (150W) has been
used for illumination of the samples. In this way it is possible to avoid extra heating of the samples.
The method has been tested by using different types of samples, such as dried ion-exchange resin,
recently prepared bituminization product, product stored in water and an old elution sample. This
sample has been prepared using radioactive ion exchangers. The particle size of granular anion ion-
exchanger resin is on an average smaller than that of cation ion-exchangers. The particle size
distributions of these resins are badly overlapping so it is not possible by microscope to classify the
category of one random particle.

Preparation of microscopic samples can be done by cutting the sleeve axially. Before cutting,
the test specimens are kept in a ice box over night. The broken surface of the sample is suitable for
microscopic examination. Cylindrical specimens must be split into two parts through the central axis.
In a case of a series of samples as a function of time, it is possible to determine the velocity of the
corrosion front, changes in the structure, and to obtain more information about the reaction
mechanism involved.

4. PRELIMINARY RESULTS

4.1. Water absorption

Six water exchanges has been performed and the water samples have been analysed. The water
absorption of some samples is presented as an example in Figs. 4 and 5 in percentage units.
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FIG.4. Water absorption of some samples for microscopic examination as a function of time
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FIG. 5. Water absorption of some diffusion samples as a function of time.

The water absorption of samples for microscopic examination seems to be at an average from 3
to 6.5 %, when following the water exchanges from 1 to 6. The water absorption of diffusion samples
is correspondingly from 8 to 13 %. The difference between these two sample series can be explained
by atmospheric humidity during storage period. The diffusion samples have been prepared 6 months
before the start of the equilibration, whereas the samples for microscopic examination were prepared
only a couple of days before. This means that the diffusion samples have absorbed about 5 % of water
from air during the storage.



4.2. Chemical analysis

Old and new equilibration solutions were analysed by ion chromatography (IC). Following ions
were analysed: Na+, K+, and Ca^, from cations and Cl", and SO4~ from anions. In connection of water
exchanges pH of all solutions were measured. Fig. 6 presents all the determined ion concentrations.
Calculated ion concentrations of the simulated groundwater have been presented in Table II.
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FIG. 6. Analysed ion concentrations as a function of time in old solutions.

When comparing the determined values with calculated ones we can see that in the first water
exchange concentrations of cations are decreased. The reason is that just in the beginning of
equilibration, the cation exchange resin has still free capacity and it binds plenty of cations and
donates equivalent amount protons to the solution. This means that the pH of the old solution will
decrease. Also in some cases the sulphate concentration is higher than calculated. It seems that the
sulphonic acid group, which is a functional group in the used cation exchanger, will partly be
destroyed at the temperature of sample preparation. Thus it means that the thermal heating causes a
partial degradation of the cation exchanger, and sulphate comes into the solution as a degradation
product.

4.3. Microscopic examination

One of the aims is to study the wetting process of the product in microscale. Microscopic
examination offers a possibility to determine visually the range of the wetting front, the structural
changes due to the wetting process and to find out the mechanism of wetting. In this study a stereo
microscope of type Wild M8 was used to perform microscopic examinations of the bituminized ion-
exchange samples. The magnification required ranges from 10 to 100. The equipment is provided with
a camera adapter for documentation. A cold light source (150W) has been used for illumination of the
samples. In this way it is possible to avoid extra heating of the samples.



Preparation of microscopic samples can be done by cutting the sleeve axially. Before cutting
the test specimens were kept in an icebox over night. The broken surface of the sample was suitable
for microscopic examination. Microscopic examination of the samples proved that during cooling
process of the sample preparation segregation of ion-exchangers have occurred. This means that the
density of granular resins at the bottom of the sample was higher than at the top. Actually the top
surfaces of the samples were pure bitumen. From this reason the wetting front was advancing from the
bottom to the top axially. Table IE presents the range of the wetting front as a function of time.

The calculated points in Fig. 6 are each an average of about 20 independent measurements.
After three water exchanges the first signs of wetting process were visible at the top surfaces of the
axially split samples.

4. SUMMARY

The equilibration has been started from July 13, 1997. All the six exchanged waters have been
analysed by ion chromatography including the follow-up of the water absorption of the samples. All
the samples, which were picked up for microscopic examination, have also been analysed. The
microscopic examination revealed that the range of the wetted front was, after six water exchanges
(481 d), a linear function of the square root of time. In the year 1999 the follow-up of the water
absorption of the samples will be continued and two water exchanges will be performed. The wetting
of the bituminized ion-exchange resin specimens will take about 3 years and in the end of this year a
through-diffusion experiment with tritium will be carried out to find out the ending point of the
equilibration phase. After that diffusion experiments will be started using chosen radionuclides to
study the barrier properties of the bituminized product. The measured parameters will reflect the
behaviour of the wetted product as a part of multibarrier system providing input data for safety
analysis.
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