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FOREWORD

Evaluation of low and intermediate level radioactive waste forms and
packages with respect to compliance with quality and safety requirements
for transport, interim storage and disposal has "become a very important
part of the radioactive waste management strategy in many countries. The
evaluation of waste forms and packages provides precise "basic data for
regulatory "bodies to establish safety requirements, and implement quality
control and quality assurance procedures for radioactive waste management
programmes. The requirements depend very much upon the disposal option
selected, treatment technology used, waste form characteristics, package
quality and other factors. The regulatory requirements can also influence
the methodology of waste form/package evaluation together with selection
and analysis of data for quality control and safety assurance.

Recognising the importance of this subject, the International Atomic
Energy Agency initiated a coordinated research programme for a more
detailed investigation of this topic. This programme provided an
opportunity for experts working in this field from different countries to
combine their efforts and exchange information and ideas on this subject.

This programme started at the end of 1985 and brought together 12
participants from 11 countries. The results of the programme and each
particular project were discussed at three Research Coordination Meetings
held in Cairo, Egypt, in May, 1986; in Beijing, China, in April, 1988; and
at Harwell Laboratory, United Kingdom, in November, 1989-

This document summarises the salient features and results achieved
during the four year investigation and a recommendation for future work in
this area.

The Agency and the ROM participants would like to acknowledge the
excellent cooperation and hospitality of the Egyptian Atomic Energy
Authority, the Ministry of Nuclear Industry of the Peoples Republic of
China and the United Kingdom Atomic Energy Authority in hosting the First,
Second and Third Research Coordination Meetings respectively.
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SUMMARY OF THE CO-ORDINATED RESEARCH PROGRAMME

1. IBTRODUCTION

Low and intermediate level radioactive wastes from the operation of
nuclear power plants, fuel reprocessing and research activities require
conditioning for storage and disposal to prevent unacceptable releases of
radioactivity to the environment. The wastes include a range of materials
such as organic and inorganic solids, aqueous and organic liquids,
sludges, floes and ion exchange resins.

This variety results in a requirement for a number of conditioning
routes and barriers which may include waste solidification, packaging, and
the use of other barriers such as grouts and backfills in a repository,
either alone or in combination to achieve the necessary isolation. The
level of treatment chosen for a particular waste may be dictated by
handling and transport requirements, length of interim storage, disposal
options and facility location, together with any regulatory requirements.
The interactions between waste, matrix, packaging, and the environment of
interim storage and disposal sites are complex and it is possible for a
particular waste stream that different conditioning and packaging options
can be applied to achieve the necessary performance for different disposal
scenarios. Therefore in the development and characterisation of low and
intermediate level solidified radioactive waste forms and packages it is
necessary to consider the complete waste management system requirements,
including the disposal facility features if known, to accurately determine
the performance and suitability of the different solidification and
packagi ng opti ons.

Waste form and package evaluation is necessary to generate data for
qualifying the matrix and package performance, which can be used in safety
and environmental analyses for interim storage and disposal facilities.
These evaluations provide data for regulatory bodies to confirm that this
initial treatment gives a product that complies with any handling,
transport, storage, and disposal performance criteria that may exist. The
data may also form part of the methodology used to develop the criteria
for interim storage and disposal facility engineering performance needs.



2. SCOPE Of THE COOBDIHATED BESEARCH PROGBAHME

The goal of the Coordinated Research Programme was to promote the
exchange of information and experience gained by different countries on
the evaluation of solidified low and intermediate level radioactive waste
forms and packages to derive data for input to safety, acceptance, and
environmental analyses in respect of transportation, storage and
disposal.

The radioactive wastes considered in the program were those arising
from operation of nuclear power and fuel reprocessing plants.
Solidification matrices included cement, bitumen, polymeric materials and
combinations thereof. Packages ranged from standard carbon steel drums,
stainless steel drums, concrete containers through to experimental high
density polyethylene containers.

Evaluation covered determination of physical, chemical, mechanical,
and radiation resistance properties of both the waste form alone and
packaged wastes. Test methods could be either standard procedures or
techniques under development selected for their suitability for critical
assessment of waste form and package quality and analysis of waste
form/package interactions.

Non-active simulated wastes, samples with radioactive tracers and
actual low to intermediate level wastes were used in this research.



3- STJMÄARIES OF FIHM, RESEARCH REPORTS

BELGIUM:

This programme encompassed:

(1) Characterisation of bituminised reprocessing sludges and evaporator
concentrates using both Cogema and Eurobitum waste forms.

(2) Characterisation of high temperature incinerator slags resulting
from incineration of low level reactor wastes.

(3) Determination of the above waste forms compatibility with the clay
disposal facility environment.

The characterisation of a wider range of cemented and bituminised
waste forms is planned for the future.

BRAZIL:

This research dealt with comparative leach testing of cemented
nitrate waste forms of different geometries with the aim of correlating
short term small sample data to long term tests of full scale waste
forms.

After 270 days there was no correlation between the sets and each
geometry had a different diffusion coefficient. The experiments are
continuing to acquire longer term data.

CANADA:

The Canadian research projects included:

(1) Evaluation of solidified ion exchange resin waste forms containing
carbon-14-

(2) Evaluation of tritiated waste forms and packages.

(3) Evaluation of materials for high integrity containers.



(4) Development of non-intrusive methods for waste form/package quality
assurance.

The use of a cementitious grout prevented any release of carbon-H
from the ion exchange resin waste forms in a dynamic leach test over a 2
year test period. The tritiated waste form/package study demonstrated
that the package, not the waste form, was the primary barrier to tritium
release. Work is still continuing on the other two studies.

CHINA:

Two research projects were undertaken by China:

(1) Immobilisation of spent resins with polymers.
(2) Cement monolith solidification of intermediate level wastes.

For the solidification of ion exchange resins both
styrene-divinylbenzene and polyester polymers were studied. Both polymers
produced small scale waste forms with suitable mechanical, physical and
leaching properties for the Chinese storage, transportation and disposal
requirements.

A cement monolith waste form process was found to be suitable for the
solidification of simulated evaporator concentrate and decladding waste
solution.

CZECHOSLOVAKIA:

Drum corrosion in shallow land burial conditions was evaluated and it
was found that internal corrosion from the contents was the determining
factor in drum service life. Evaluation of various waste forms leaching
performance showed no benefit from calcination of a liquid borate
concentrate followed by cementation over direct cementation of the liquid.

EGYPT:

Cement and polymer matrices were compared for solidification of
borate and nitrate wastes. Evaluation of the relative performance of the
different waste forms showed that the leaching behaviour of thermoplastic

10



polymer waste forms increased after irradiation whereas leaching decreased
for waste forms based on thermoset polymers.

FEDERAL REPUBLIC OF GERMANY:

The two projects carried out were:

(1) Assessment of actiniae release from waste forms into salt trine.

(2) Evaluation of the long term durability of low and intermediate level
waste packages.

The study of actinide releases from waste forms into salt "brine
showed that each radionuclide can be assumed to be in equilibrium in the
near field between dissolved and solid phases. Total releases may be
assessed from the concentration in solution and the flow rate out of the
near field.

Corrosion studies of epoxy resin coated and uncoated carbon steel
specimens under simulated interim storage and disposal conditions showed
that the epoxy coating would provide sufficient corrosion protection for
more than 20 years of interim storage plus several years in a closed
Konrad gallery.

HUNGARY:

This study dealt with leaching of waste forms under static and
dynamic conditions and diffusion and sorption measurements. Most
attention was paid to cemented ion exchange resins which contain the most
activity. The data were analysed with regard to disposal facility design
and safety requirements.

INDIA:

(1) Evaluation of cemented sludges and cakes incorporating vermiculite
additive was carried out. It was found that incorporation of 10$
vermiculite significantly reduced cumulative fractional releases in
leaching tests of these waste forms.
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(2) Development work was undertaken to assess the feasibility of
vitrification for the solidification of intermediate level wastes. The
process was found to "be technically feasible and high volume reduction
factors can be achieved.

SWEDEN:

This report deals with the waste form requirements for the safety
assessment of the SFR low and intermediate level radioactive waste
disposal facility. Waste categories are defined by activity content, long
term performance of the package and the Waste Type Description. These
criteria are used to establish the area of the facility where the waste is
emplaced.

UNITED KINGDOM:

The effects of radiation on the properties of intermediate level
waste forms relevant to their storage and disposal were determined. Waste
forms included cemented inorganic wastes, organic matrix waste forms, and
cemented organic wastes. Radiation exposures were external gamma
radiation at 3 Gys"'' to an accumulated dose of 12MGy, and internal
alpha using Pu-2J8 at variable dose rates depending on the waste type and
matrix.

12



4. DISCUSSION AT THE 3ED ROM

Following the technical presentations the participants discussed the
relative importance of various evaluation techniques in the different
stages of a -waste management strategy. For this purpose the following
were chosen:

- waste type

- treatment/immobilisation options

- packaging options

- interim storage conditions/requirements

- disposal options

- data requirements for each stage

- data requirements for quality assurance and assessment

Waste characterisation in respect of type, composition and
radionuclide inventory was recognised to be necessary to select the level
of treatment/immobilisation for a given waste. The selection of the
treatment option for the waste is dependant on the waste type and
performance required from the waste form. Waste form characterisation is
then required to establish the chemical, physical and mechanical
properties of the product, and its thermal and radiation stability for
quality control purposes and input to safety requirements. These data may
also be used to determine package requirements for example; a waste form
of lower performance may be acceptable with superior quality packaging.

In addition to waste form characteristics, the selection of the
packaging option will be influenced by transportation requirements,
whether long term interim storage will take place, and the nature and type
of disposal facility. The environments of the interim storage and
disposal facilities will add their own requirements for performance of the
waste form and package which in turn introduces the need for additional
evaluations to demonstrate the product meets all quality assurance
criteria. The data required to show compliance with quality assurance
will vary with the different storage and disposal options available.
Therefore the decision on which evaluation techniques are selected and
which data are relevant will depend on which waste management strategy is
chosen.

Next page(s) left blank '



CHARACTERIZATION AND COMPATIBILITY OF
LOW AND INTERMEDIATE LEVEL WASTE FORMS

P. VAN ISEGHEM, R. DE BATIST*,
K. BERGHMAN, W. TIMMERMANS
SCK/CEN,
Mol, Belgium

Abstract

The physico-chemical properties and the compatibility with the expected geo-
logical repository clay host rock of some candidate waste forms have been
investigated. The waste forms are high temperature incinerator slags, and
bitumized reprocessing sludges from Cogéma and Eurochemic (now Belgoprocess).
The physico-chemical properties measured are density, chemical and radiochemi-
cal composition, thermal properties and their change with time ("ageing"),
microstructure and chemical stability. The data were compared with the avail-
able product specifications. The compatibility with disposal clay was investi-
gated on a parametric way, to provide conclusions on the interaction mecha-
nisms. Tests are interpreted in terms of elemental leaching and waste form
swelling. The investigation of the product properties fits into the quality
assurance / quality control (QA/QC) policy defined by NIRÀS/ONDRAF (the
National Agency for Radioactive Waste and Fissile Materials).

1. INTRODUCTION

The management of low and intermediate level radioactive wastes in
Belgium is since 1981 supervised and coordinated by the National Agency
for Radioactive Waste and Fissile Materials (NIRAS/ONDRAF). Up to 1983,
low level waste was disposed of by dumping, under international
supervision, at a specific site in the North Atlantic at a depth of nearly
5000 m. The suitability of this site for this purpose continues to be
evaluated in the frame-work of an international co-ordinated Research and
Environmental Surveillance Programme (CRESP), in which also Belgium has
participated (modelling, source term definition, biology).

Since the de facto moratorium in 1983, Belgium has discontinued
sea-dumping and has switched to engineered storage for all of its
radioactive waste products. Iri the field of low- and intermediate
activity, the wastes to be considered originate from nuclear power
stations, from reprocessing of irradiated fuel and from industrial and

Present address: Rijksuniversitair Centrum te Antwerpen, B-2020 Antwerpen, Belgium.
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medical application of radio-isotopes. NIRAS/ONDRAF has elaborated a
Quality Assurance Policy based on waste acceptance criteria and quality
control measures (réf. 1). Acceptance criteria are to be based i.a. on the
results of compatibility studies between waste form and potential" final
disposal environment. Quality control is to be guaranteed by process
control procedures as well as by characterization tests performed on the
conditioned waste form - waste package. Both compatibility and waste form
characterization studies are performed by the Nuclear Research Centre
(S.C.K./C.E.N.) at Mol.

2. STRUCTURE OF THE LOW AND INTERMEDIATE LEVEL WASTE FORM CHARACTERIZATION
PROGRAMME

Up to now, the main focus of the radioactive waste management R&D
programme (both high level and low and intermediate level) has been on the
characterization of solidified waste forms and container materials and on
the evaluation of the compatibility of such waste forms with specific
geological environments for final disposal. Broadly speaking, the research
philosophy has been based on a fairly comprehensive set of well-designed
laboratory experiments as well as on an inevitably more restricted number
of in-situ tests. These experiments are performed on non-active or
slightly active simulants and also on fully active real waste forms. They
are aimed at providing quantitative information about materials properties
such as composition, homogeneity, microstructure, physico-thermal
properties, chemical stability, radiation stability, etc. In-situ
experiments have been made possible by the construction of an underground
laboratory in the Boom clay formation underlying the Mol nuclear site.

The degree of detail and depth with which the different waste forms
are studied depends to some extent on their type and origin. Spent fuel
from Belgian power plants is sent abroad to be reprocessed; the waste
generated during reprocessing is, following a suitable conditioning
treatment, returned to Belgium where it falls under the jurisdiction of
the National Agency NIRAS/ONDRAF.

In this case, the R&D effort is aimed at a verification of the
product characteristics as specified -by the producer and at evaluating the
suitability for final disposal within the Belgian context. This approach
is also used fur the waste forms generated in the former Eurochemlc
reprocessing plant, which has terminated its active phase and is presently
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managed for the Belgian authorities by Belgoprocess, as well as for waste
forms produced by nuclear power plants and by S.C.K./C.E.N.

In the case of the high-temperature slagging incinerator product on
the other hand, the R&D programme has been directed additionally to the
qualification of the process.

Since the scope of the present IAEA Co-ordinated Research Programme
is limited to low and intermediate level radioactive waste forms and
packages, the approach used in Belgium will be illustrated by discussing
the cases of bituminized waste and of the high temperature incinerator
slags.

The principles of a quality assurance, quality control (QA-QC)
programme as conceived by NIRAS/ONDRAF are discussed in (réf. 1).

3. CHARACTERIZATION OF WASTE FORMS

3.1. General

Thus far a number of actions have been undertaken to determine the
product characteristics of some relevant waste forms. Two waste form
categories are being discussed:
(a) Bituminized reprocessing precipitation sludges and evaporator

concentrates; two types were investigated: the Cogéma type (only
simulants available) and the Eurobitum type (produced by the former
Eurochemic plant; both simulants and real samples are available)
(réf. 2).

(b) High temperature incinerator slags, resulting from the incineration
of real, low level reactor wastes; data for the characterization of
samples from the industrial demonstration tests were published
earlier (ret. 3) .

3.2. Bituminized reprocessing precipitation sludges and evaporator
concentrates

Some simulated reprocessing precipitation sludge bituminizates
prepared by Cogéma were investigated (this waste form is one of the
candidate waste forms which should be returned to Belgium by Cogéma) . The
composition is given in Table I. The following material properties were
determined: density, penetration, softening point and chemical compo-
sition. The experimental data are given in Table II.
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TABLE I. Nominal composition of simulated Cogéma bituminized
reprocessing precipitation sludges

bitumen content
(MR 90/40) in wt % - 5?

Sludge content _< A3
in wt %

Sludge composition (in %)

(a) Insoluble compounds 72.5
Barium sulphate 51
Ferrocyanide 9.8
Cobalt sulphide 7.7
Diatomacious earths 3.9
Tributylphosphate 0.1

(b) Soluble compounds 27.5
Sodium nitrate 22.9
Sodium and potassium sulphates
Sodium sulphide

From the data in Table II it can be concluded that the data fit
reasonably well with the product specifications (density; softening point;
sludge components Co, Ba) ; the relatively larger deviations for Ni, Fe,
sulphates and nitrates might be due to either heterogeneities between
various samples (Ni, Fe, S) or to the difficulty in analysing simul-
taneously soluble and insoluble compounds (see: sulphates of sodium and
potassium, resp. barium sulphate).

Since Cogéma has, in the meantime, changed the type of bitumen used,
these tests will be repeated on the new product.
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TABLE II. Characterization of simulated Cogéma bituminized
reprocessing precipitation sludges

measured specification

Density at 25°C
(kg m~J)

Penetration at 25°C „„ , 0 -
1 23 ± 3 no value

(10 mm)*

Softening point 115 ± 2 > 97
(°C)**

Sludge composition
(in wt %)***

Ba
Fe
Ni
Co
S
Sulphate
Nitrate

32.8/34.4
1.32/1.57
1.05/1.52
4.96/5.25

5.16
2.4
5.1

30
1.77
1.86
4.99

a 4.5
slO.O
s 6.5

* The penetration of a bituminous material is the distance
(in 10 mm) that a standard needle penetrates vertically
into a sample, under fixed conditions of temperature (25°C),
load (100 g) and time (5 sec) (ASTM D5).

** The softening point is the temperature at which a disk of the
sample - held within a horizontal ring - is plastically
deformed over a distance of one inch by a steel ball. The
sample is heated at a given rate in a water or glycerine bath
(ASTM D36).

***The cation analyses were performed on two aliquots from the
simulated bituminizate.
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3.2̂ 2̂  Ageing_of Eurobitum

During one of the last runs of the Eurobitum plant (at the former
Eurochemic, now Belgoprocess site), some samples taken on-line were
stored, with the intention to measure some physical properties as a
function of ageing. Two ageing periods have been analysed since (one and
four years); the next analyses are planned after about six and x (undeter-
mined) years.

Data on the composition of Eurobitum are given in Table III. Some
results on ageing are listed in Table IV. Whereas the one year ageing
tests hardly revealed a change in physical properties, the four year
ageing data do present some deviations from the values at time zero.
- The softening point increases (from 101 to 104°C), the penetration
decreases (from 20.0 to 18.8 x 10 mm), and the density increases (from

_31.32 to 1.36 gem ). This suggests a hardening of the bituminizates
together with a shrinking, probably as a result of different phenomena
such as: (1) a change in the structure of the bitumen matrix due to
radiolytic H„ formation; (2) continued shrinking during long term
storage; (3) escape of volatile bitumen components.

- The flash point increases from 262 to 272°C, and the self-ignition point
decreases from 312 to 293°C. Both phenomena might be related with the
creation of radiolytic gases, altering the combustion process. In case
of the self-ignition point, changes in the chemistry of the solid
material might also contribute to differences in self-ignition
behaviour.

3.3. High temperature incinerator slags

During the operation of the high temperature "FLK" incinerator
(operation period from 1987 to beginning of 1988) samples of about one
liter volume were taken at regular intervals. For product quality control,
the following product properties were determined:
- Visual appearance
- Granulometric properties
- Chemical and radiochemical composition
- Microstructure
- Chemical stability

22



TABLE III. Composition of bituminized reprocessing sludges
and concentrates ("Eurobitum")

Bitumen content
(R 85/40) in wt Z
Waste content in wt %

Waste composition (wt %)
NaN03

CaF2
Oxides, hydroxides and hydrates of
Fe, Zr, Al

Other compounds: SiO„, PO,, compounds
incl. Ni, Cl, Cr, Co

H20

s 60
s 40

63.4
10.9
4.0
4.9

15.9
0.9

Total alpha activity (Bq/g Eurobitum)
Total beta activity (Bq/g Eurobitum)

5.0 E4- 1.7 E5
7.5 E6 - 1.6 E7

TABLE IV. Physical properties of Eurobitum as a function of ageing
(each number is the average value for four samples)

Date of analysis

Self-ignition point (°C)*
Flash point (°C)*
Softening point (°C)
Penetration (10 mm)_3Density (g cm )

as produced

312
262
101
20.0
1.32

after
1 year

313
261
101
19.3
1.32

after
4 years

293
272
104
18.8
1.36

*A test cup is filled to a specified level with the sample, heated
up at- a constant rate, and a small test flame is passed across the
cup. The flash point is the lowest temperature at which the test
flame causes the ignition of the vapors above the surface of the
batch. The self ignition point is the temperature at which the
bitumen itself starts to ignite, and burns for at least 5 sec.
(ASTM D92).
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Visual inspection was performed to verify the presence of unmelted
waste (e.g. metal, paper) in the slags. It was observed that the amount of
unmelted material was negligible. From 60 to 90 % of the slags had par-
ticle sizes between 1 and 5 mm. Data on chemical composition and corrosion
stability (based on the Soxhlet test (with boiling water, using the slag
fraction between 4.0 and 5.5 mm particle size)) are listed in Table V; the
radiochemical composition is given in Table VI. Characterization data for
a Pu spiked run between August and November 1983 are given as a reference.

The data show that the slags are composed of 80 to 90 % of
(SiO + FeO + Al 0 ); important fluctuations are measured in the relative

£- X /- .3
concentrations of these three main components. They correlate with differ-
ences in waste feed composition. The slags represent essentially an
amorphous matrix, incorporating some (crystalline) phases (see Fig. 1).
These silicate based, basaltic slags therefore show the ability to be the
"host" material for quite divergent feed compositions, and still quite
corrosion resistant (réf. 3). The best slags are produced for SiO„ concen-
trations of about 60 wt %, A100„ of about 10 % and FeO of below 20 %.

t- -J X
The leaching of the 3Y activity during the Soxhlet test is found to

be quite similar to the overall mass losses (data for the 1987 operation);
the total ßy inventory leached (in % of the initial inventory) is between
0.4 and 5.0 % (3 d leaching), and between 0.4 and 3.0 % (14 d leaching) -
compare with mass loss data (in % of the initial mass) of 0.4 - 2.5 %
(3d), 0.7 - 5.0 % (14 d). These data show that the high temperature
incinerator slags can incorporate 3y nuclides in their matrix.

4. COMPATIBILITY OF WASTE FORMS WITH REPOSITORY CONDITIONS

4.1. General

Compatibility studies between various waste forms and the candidate
Belgian clay host already started in the early 1980s. About the same
period the construction of an underground laboratory was initiated, which
allows now among other things the performance of in situ experiments on
waste forms.

The objective of the compatibility studies primarily is investigate
to the interaction between a waste form and the envisaged corroding
(aqueous) surroundings. As the clay host rock includes about 20 % inter-
stitial claywater, it was decided to select as a first approach corroding
media consisting of an aqueous phase (e.g., interstitial claywater) and
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TABLE V. Data on chemical composition and chemical stability for
various operational periods of the high temperature
slagging FLK incinerator

Composition (wt %)

Si°2
FeO
A1203
CaO
Na 0

1983

59.9 ± 4.8
17.7 ± 4.0
10.2 ± 3.3
6.6 ± 1.6
0.87± 0.27

1987

63.2 ± 5.9
24.5 ±10.1
1.9 ± 0.75
3.9 ± 1.2
2.5 ± 0.61

1988
(03-1)

36.0
40.6
8.7
0.50
2.3

1988
(03-2)

49.7
20.9
11.0
9.0
3.9

Others (oxides of Mg,
K, Mn, Cu, Cr, Ni, Pb,
Ti, Zn, ...)

balance balance balance balance

Soxhlet corrosion rate,
based on mass losses
(in 10~4 g cm"2*"1)
3 d duration
14 d duration

0.70
no value

9.96 ±6.66
5.55 ±2.53

13.6
11.8

10.6
11.3

TABLE VI. Radiochemical composition of incinerator
slags (produced 1987) (in Bq/g)

Mn-54
Co-58
Co-60
Zr-95
Nb-95
Sb-125
Ce-144

15 - 160
< 40

250 - 880
< 80
< 190
_< 60
< 30
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FIG. 1. Ceramographs of relatively strongly crystalline Qy active FLK
granules; phase 1 Is Cu rich; the fishbone-shaped crystals are
mainly composed of Fe; the cubic-shaped crystals are spinel type
chromite, FeCr.O..2 A
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containing some clay - which is the major component in the geological
disposal concept . The experimental programme provides information on the
degree of interaction between waste form and environment (quantitative
data) , but is also supposed to reveal the interaction mechanisms (required
to attempt to extrapolate the interactions to the long term, including
modelling) and the source term (which here means the radioactive inventory
of a specific nuclide leached per unit time, available for migration
towards the biosphere).

These laboratory compatibility studies are complemented, and are
intended to be validated by in situ corrosion tests on the various waste
forms. Experiments have been under way since 1986, yielding information on
the interaction of the waste form with the clay host or with the clay
derived atmosphere. High temperature incinerator slags and cement (candi-
date matrix material) are included in these tests, which should provide
the first experimental data by mid 1988 (after two years' interaction). In
addition, new in situ rigs are being prepared to allow in situ corrosion
of other candidate waste forms (bitumen, cement) upon contact with the
clay host.

4.2. Compatibility studies on bituminized reprocessing sludges and
concentrates

Both Cogéma and Eurochemic type bituminizates have been considered.
The compatibility studies performed thus far on bituminizates were based
on corrosion tests in static conditions (no leachant renewal) , as indi-
cated in the MCC 1* standard corrosion test, in pure water or in mixtures
of clay with water. The ratio of SA.V (sample surface area to leachate
solution volume) was kept at 0.1 cm

Cogéma SB cylindrical samples of 0.15 1 volume (0 10 cm, h 2.5 cm)
were exposed to distilled water (DW) at 25°C. From the data shown in
Fig. 2 (K and Ni exhibit similar fractional releases as Co) it is seen
that the waste cations leach very differently, the rather insoluble Ba
leaching only to a negligible extent. Na on the other hand leaches
readily, yielding an equivalent leached thickness up to 5.0 mm within
180 d of corrosion.

*Materials Characterization Center, Battelle Pacific Northwest Labs.,
Richland, USA
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FIG. 2. Relative inventory of îfa, Co and Ba leached from Cogéma
bittiminizates in static distilled water at 23°C.

Similar corrosion experiments have been initiated on Eurobitum
simulants, to investigate the overall interaction behaviour, but also the
swelling due to corrosion. Therefore, samples of different sizes (0.75 ml,
16.3 ml, 0.5 1 and 11.5 1) have been submitted to corrosion in either DW
or a 100 gl mixture of clay with water. Total test duration was 365
days, and temperature 23 °C. The swelling data obtained are very small
(generally below 2 %) , but are not indicative for the swelling upon
corrosion of a full size, active Eurobitum block, because the simulates
were found to be much harder than the active samples (réf. 4).

Nevertheless the experiments on simulates revealed two indications:
* Swelling is a function of the relative surface area (to sample volume)

of the specimen, as observed after 365 d corrosion. A full size simulate
drum would be supposed to swell for 0.5 % (after one year).

* Leaching of the soluble salts, NaNO„ and CaSO, , is controlled by
-13 2 -1diffusion; the apparent D is 1.5 x 10 m sec , and D is-i , ~ i_ i [\ t .— i0.9 x 10 m sec . Based on these data, a full size block would be

90 % NaNO depleted in about 5000 years.
The leaching of the highly soluble NaNO_ appears to be controlled by the
penetration of water into the bitumen waste form; the leaching oi the
less soluble waste components (Ca, SO., F, Fe, Mn, U) is mainly
solubility controlled. The swelling is determined by the hardness of the
bitumen.
The presence of clay results in a faster leaching of U; the leaching of
the other elements is not influenced by the presence of clay.
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4.2.2. Corrosion of real bituminizates (RB)

Corrosion experiments are underway on active Eurobitum samples of
0.82 ml volume. Media are oxidized synthetic claywater (OSIC; composition
see réf. 2) and a 500 g 1~ clay/OSIC mixture (CCOSICM). Tests are carried
out at ambient or repository (4.0 MPa) pressure, at ambient temperature.

The swelling upon corrosion in both media is considerable, e.g. about
110 % after 180 days, and compares well with earlier data on swelling
(réf. 5).

The leaching in the claywater is characterized by a diffusion
-13 2 -1controlled leaching of NaNO„ (D s 3 x 10 m sec , comparable to the

results for the smallest simulate samples) , but a relatively faster
leaching of the less soluble elements (Fe, U, Mn). The radionuclide
release is very incongruent: the leached fractions of the a-emitters and
Cs-137 are below 0.05 % and are constant with time, while Sr-90 continues
to leach (e.g., 15 % after 180 days). The presence of clay (CCOSICM)
results first of all in a retardation of the NaNO leaching, while the
other (inactive) elements do leach faster. The activity release is about
the same (a-emitters, Cs-137) or even smaller (Co-60, Sr-90).

4.3. Compatibility studies on incinerator slags

Two types of sample were used in these studies. First, slags produced
during the inactive demonstration runs (period 1977-1979) were hot pressed
(2 GPa, 800°C) to yield monolithic samples with the same physico-chemical
characteristics as the original granules. Second, laboratory simulation of
the slag composition resulted in "reference glass" products such as WG124
(consisting for 76 wt % on SiO , AI 0„ and FeO ). The same glass was made

fL Z. 3 X
with the inclusion of 1 wt % UO + 1 wt % PuO ("PWG124"), to investigate
the fitness of the high temperature slagging incinerator products in
incorporating actinides.

Corrosion media used were various clay/water mixtures, ranging from
0, 10, 100, 500, 2000 to 8000 (which corresponds to non-diluted repository
clay) gl . Most corrosion tests were performed at 90°C, in static media,
with a surface area to solution volume ratio of 1 cm , in oxidizing
conditions. The main parameter controlling the corrosion of the waste form
samples was the concentration of the clay; one of the main mechanisms was
found to be sorption of rather insoluble elements such as Si, Al, Fe, onto
the clay, thereby allowing further corrosion of the sample. The equivalent
leached thicknesses measured in the non-diluted clay were between 50 and
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100 pm per year, in pure water maximum 1 jjm per year (see Fig. 3 for data
on WG124). It is to be expected that the corrosion rates decrease in time.

At interaction temperatures of 40°C, which are more realistic in view
of the expected conditions of interaction with the surrounding repository,
corrosion proceeds about 10 times more slowly. More detailed studies
revealed that the temperature dependence (range studied: 40-200°C) of the
corrosion of these samples is quite complex.

FIG. 3.
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Mass losses during corrosion of FLK slag simulant glass WG124 in
Boom clay (°) or distilled water (0).
(90°C, SA.V"1 - 1 cm ).

Pu (incorporated as PuO„) is leaching more slowly than the laboratory
glass matrix (PWG124). This retardation amounts up to a factor of 100 for
corrosion in pure water, due partly to the insolubility of PuO_; when clay
was added to the leachant, and the conditions were kept reducing
(Eh = - 200 mV, which is close to the repository condition) , Pu leached
only about 3 x slower than the glass matrix. The Pu solubility limit in
solution is reached later indeed, due to sorption of Pu on clay particles.

5. CONCLUSIONS

A quality assurance/quality control policy has been defined by
NIRAS/ONDRAF.

Waste form characterization actions were started already before on
high-temperature incinerator slags and bituminized intermediate level
waste (Eurobitum). More recent actions (e.g. Cogema bituminized waste)
were implemented in the frame of the QA/QC action by NIRAS/ONDRAF.
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New actions are in preparation. They include, a.o.
- The characterization of the radionuclide inventory of various kinds of
power reactor waste (evaporator concentrates, ion exchange resins,
filter cartridges), before and after conditioning (by means of
cementation).

- Further characterization of inactive and active bituminized waste forms.
- Characterization of cemented waste forms (hulls, technological waste).

The waste form compatibility studies are directed, towards the
interaction with the clay host rock. Investigations will be undertaken on
the other waste forms of concern, but also taking into account the actual
disposal concept designs studies by NIRAS/ONDRAF. In parallel, in-situ
compatibility tests are being elaborated as well.
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OJ
to SUMMARY OF PROGRAMME RESULTS

PARTICIPANT

S.C.K/C.E.N.
Belgium

WASTE
CHARACTERISTICS

Cogema
reprocessing
precipitation
sludges

Eurochemic
reprocessing
sludges

Low level
reactor
waste

WASTE FORM
COMPOSITION

57 wt % bitumen
Mexphalt R90/40
43 Wt % sludge

60 wt % bitumen
Mexphalt R85/40
40 wt % sludge

Slags from
FLK high
temperature
incinerator

MEASURED
PROPERTIES

1) Physical
properties

2) Chemical
composition

3) Static leach
test in water

1) Ageing (4 years)
effect on
physical
properties

2) Static leach
tests in clay
related media
- swelling
- releases of
waste consti-
tuents and
radionuclides

3) Influence of
sample' size on
swelling and
leaching

1) Chemical
composition

2) Soxhlet
corrosion tests

3) Microstructure
4) Static leach

tests in clay
related media

WASTE
PACKAGE

220 1
stainless
steel
container ;
wall thickness
1 - 1,5 mm

220 1
stainless
steel
container ;
wall thickness
1 mm

Not defined

DISPOSAL
CONCEPT

Not yet
decided

Not yet
decided

Not yet
decided

COMMENTS

Only inactive simulates
measured so far

1) On active samples
2) On active samples and

inactive simulates
3) On inactive simulates

1), 2) and 3) on samples
resulting from active
runs of the FLK

4) on samples from FLK
inactive runs and on
lab made tracered
samples



FULL SCALE LEACH TESTS

A.A. SUAREZ, B.M. RZYSKI, I.M. SATO, L.S. ENDO
Institute de Pesquisas Energeticas e Nucleares,
Comissâo Nacional de Energia Nuclear,
Sâo Paulo, Brazil

Abstract

Comparative leach tests of cemented nitrate waste
stream using different geometries is reported aiming to
correlate short term small sample data to longer periods of
time of full scale waste forms.

The work reported is part of a research program
conceived to develop technical competence in evaluating
waste forms using different techniques and applied to
different waste streams.

INTRODUCTION

The disposal of low- and intermediate-level radioactive
waste is not yet practiced in Brazil. To date all waste has
been put into interim storage areas specially designed for
it. The main sources of radioactive wastes belong to the
category of low-level wastes (LLW) and only in few cases
intermediate-level wastes (ILW) (1,2,3).

At the present time the Brasilian strategy for low-
and intermediate-level radioactive waste, LILW, management
is to develop technical expertize to evaluate engineered
barriers. The Nuclear and Energy Research Institute, IPEN,
provides the technical support for setting up the
preliminary criteria for waste acceptance, such as leach
resistance, investigates the physical behavior of the
reinforced concrete packaging that will be used in the near
surface burial, processes computer codes that may facilitate
analysis of the long term repository performance etc. The
engineered structures considered are concrete, used for
packaging, as well the concrete structures, backfill and
buffer materials used in the waste disposal facilities.

To determine the durability of concrete which has to be
compatible with the institutional control time of the
repositories, various degradation mechanisms have to be
considered. Some of the degradation mechanisms which are
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presently studied at IPEN are: chemical deterioration by
sulfate attack, leaching, biodégradation and dissolving of
lime.

At the same tirae some studies were done on the
influence of the use of admixtures in cement waste forms
(4)., the influence of organics in cemented waste forms (5),
the homogeneity evaluation of waste forms (6) and leaching
(1,2,7).

The present work is part of a research program on
immobilization of waste streams with ordinary Portland
cement, started some years ago. It aims to correlate the
leaching results of small samples with that ones of full
scale waste forms resulting from the immobilisation of
specific nitrate waste stream generated from laboratory
investigations on solvent extraction processes (1,2).

The developed multibarrier package can use two types
of thin plated cans to receive the wastes. One with one US
gallon capacity for intermediate-level wastes and the other
with 20 L capacity for low-level wastes. Those cans are
further immobilized inside a 200 L drum (55 US gallon) with
heavy barite concrete acting as a radiation shield.

EXPERIMENTAL

A full scale waste form with 14 cm height and 16.5 cm
diameter was prepared using synthetic nitrate waste,
identical to that one arising from the laboratory for
solvent extraction processes (1,2.), and placed inside a
multibarrier package without the inner can and placed to
leach without the external drum. The chemical composition of
the simulated waste is shown in Table 1.

From the same mortar used to produce the large sise
specimen, it was produced four samples with different sizes
for parallel leaching test (sample set I). Their dimensions
are given in Table 2. Two extra samples,containing 1^7Cs and
Ŝr respectively, with the same dimensions of the large

size specimen, were prepared and assayed using the same
recipe, as shown in Table 3. This was done because the thick
layer of concrete, used in the multibarrier package, retard
excessively the liberation of tracers in the life time of
the experiment. No leakage of activity was observed from the
multibarrier package after 4 years.
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Table 1
Chemical composition of the simulated waste*

Element Concentration (mg/L)

Zr 1.0
Mo 7.14
Ru 0.52
Sr 3. 1
Ce 3.57
Cs 13.2
U <10.0

[H+3 = 2.59 M
Organic solvent concentration less than 1%
Corresponding to mixed wastes arising

from laboratory investigations on fission
products and solvent extraction of irradiated
uranium.

Table 2
Dimensions of the small samples

Sample

SCC-2
SCC-5
SCC-3
SCC-7

Height
(cm)
2. 5
5.0
3.5
7.0

Diameter
(cm)
2. 5
2.5
3.5
3. 5

S/V*
(cm"1)
2.40
2.00
1.71
1.43

(S/V) = surface to volume ratio of the samples

Table 3
Composition of the large size specimen

Component % weight.
Waste* 2
Water 22.6
Cement (CP 320) 75.4

radionuclides added:
Cesium 137 2.15 MBq
Strontium 90 3.60 MBq
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In order to verify the reproducibility another five
samples were prepared from a single batch in order to
reproduce the leach experiment. These samples were all
prepared using -̂ 'Cs and *̂ Sr as tracers (sample set II).
Figures 1, 2, 3 and 4 show the results obtained from those
experiments.

As can be observed from the experimental leaching data,
the cumulative leached fraction versus the square root of
time is linear only for short time periods. Several authors
concluded that the semi-infinite geometry, from which the -St,
law is obtained, is applicable to finite geometry samples
provided that the cumulative fraction to be leached is less
than 20% of the total. For higher cumulative fraction values
a different formulation has to be applied. All attempts to
fit combined formulas expressing different mechanisms of
leaching have no actual basis.

Assuming that diffusion is the most important process
of leaching and using an exact mathematical formulation (1Q)
for the actual sample dimensions it is possible to obtain
the diffusion coefficient from experimental data. As can be
observed from the data, the diffusion coefficient is not
constant. On the contrary, it decreases rather rapidly in
the beginning of the leaching experiment and then decrease
slowly to an apparent constant value.

F(t)'(V/S)

-B- 3.5 x 7.0 -X- 16.4 x 15 8

l i

200 1000400 600 800

Time (d)
Figure I - Sample sel 1 - Leached Iracllon of CsJ37

correcled by geometry lacior
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Thus, extra leach tests were conducted, in a more
controled way, with specimens of various geometries in
order to confirm that the diffusion coefficient behavior
with time is the same for all geometries. This would prove
that a sample withdraw from a full size waste form could act
as a fingerprint of the waste provided that the release of
radioactivity to the environment can be predicted by using
the diffusion coefficient, evaluated from leaching
experiments, of the sample and the exact formulation.

The simulated waste form samples were prepared using
ordinary Portland cement, OPC, and all were in the form of
right cylinders ranging from 30 to about 20,830 cm3. The
reported data represent the average of two samples used for
each geometry assayed with the exception of the largest
sample with 20,830 cm3 for which there was a single sample.
Inactive cesium in the chemical form of nitrate was used as
a tracer together with sodium nitrate to simulate a nitrate
waste stream. The sample composition is given in Table 4.

After casting and setting for 24 hours, the samples
were airtight cured for 28 days at room temperature before
the leaching process.
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Table 4

Components % wt

Cement 71.4
3.1
0.5

Water 25.0

The leaching tests, using the International Standard
procedure(8), were carried out in closed plastic bottles
using distilled water as the leaching fluid and a water
volume to specimen area ratio of 10 cm. The water was
renewed at frequent intervals and the concentration of
stable cesium leached, during each interval, was determined
by wavelength dispersive x-ray fluorescence technique
described elsewhere{9).

The schedule of water renewal was established so that
the assumption used for the transport equation solution was
valid, that is, the concentration of the tracer in the water
is practically zero.

The calibration of the wavelength dispersive x-ray
fluorescence technique was done using eight sets of standard
aqueous solutions prepared from spectropure CsNOg. The
cesium concentration was varied in the range of 2 x 10~̂  to
1 x 10~4 g cm~ . Triplicate samples were prepared for each
leachate sample and standard solution.

DIFFUSION COEFFICIENT EVALUATION

The immobilization materials are usually porous
enabling the leaching kinetics to be explained as a
diffusion controlled process.

As long as the dissolution of the matrix can be
neglected when compared with the diffusion, the time
dependence (1Q) of the leached fraction F(t) for cylindrical
waste forms with radius and half height equal to R and H
respectively is given by :

_• «
32 V"1 expt-jLDt/S2!

= ! - -
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where xm equals the roots of the Bessel function of zero
order

J0(xm) = 0

D is the effective diffusion coefficient and t is the time
elapsed after water immersion.

Many authors (12., 12.) use a first approximation of
expression (1) corresponding to the solution of the
transport equation for a semi-infinite medium, of uniform
initial concentration, of mobile species with the surface
concentration equal to zero and leaching time greater than
sero.

The expression (1) reduces to :

F(t) = 2 (S/V) (Dt/n)1/2 (2)

where S is the surface area of the waste form and V is its-
volume.

Equation (2) suggest that the observed leached
fraction, when multiplied by (V/S), becomes independent of
the sample geometry. Therefore, the experimental data are
usually presented as (VYS)F(t) versus t or -Jt.

It is also experimentally observed that the rate of
leaching is specially high in the beginning of leaching.
This is attributed to the surface wash off. Some authors try
to overcome this by adjusting their data to a more general
expression:

[fV/S)F(t)D = C(V/S)F(t)]0 + 2(Dt/Tr)l/2

where [(V/S)F(t)30 represents the amount of radionuclides
that are readily washed off over a relatively short period
of time.

Making use of the expression (1) it is possible to
evaluate the diffusion coefficients for different
geometries. Figure 5 shows a comparison between the exact
formulation for three geometries: R/H equal to 0.5, 1.0 and
2.0, and the first order approximation, that is, the
solution for a semi-infinite plane source as given by
expression (2), for R/H equal to 1.0.
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As can be seen from Figure 5 any short term
extrapolation from small laboratory sample to a full scale
waste form has to be made carefully, otherwise large errors
can result.

F(t)
10p——————————————————————————————————

0.1

0.01

Values of R/H
—— R/H - 0.5

—— R/H = 1.0
— - - R/H - 2.0

Plane source R/H=1

i i i nun i i i im» i i0001
l.OE-06 J.OE-05 l.OE-04 l.OE-03 l.OE-02 l.OE-01 l.OE+00

DÎ/R2
Figure 5 - Theoretical relationship between F(1) and DI/R2

for some R/H values

All these formulations assume that the diffusion
coefficient is constant in time. However this is not the
case because the diffusion of ions and the permeability of
fluids across a porous cementitious matrix are related to
the volume of pores and the interconnection of them (11).
The size of these pores and the connecting channels between
them vary with time as long as the hydration of cement
continues.

Using the expression (1), it is possible to evaluate
the diffusion coefficient, for a given geometry and elapsed
time, from the experimental value obtained for the
cumulative leached fraction within the hypothesis of
constant diffusion coefficient for short time intervals.

Special care has to be taken, however, when evaluating
the cumulative fraction for larger samples in the early
stages of leaching, since the amount of cesium able to be
leached is less than the total incorporated into the sample.
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This is due to the time delay for the water to diffuse
into the volume of the sample. This delay is related to the
sample permeability and varies according to the hydraulic
pressure under which the sample is submitted.

EXPERIMENTAL RESULTS

Leach experiments were carried out on six sample
geometries with average volumes equal to 30, 60, 170, 950,
3500 and 20830 cm3. Two sets of samples had R/H equal to
0.48, another set equal to 1.74 and the remaining equal to
1.00. Volume to surface ratio varied from 0.56 to 4.97.
The correspondence among the sample volumes and their
respective R/H values is given in Table 5.

Table 5

Sample volume (cm3) R/H

30 1.00
60 0.48
170 0.48
950 1.74
3500 1.00
20830 1.00

The aim of this work was to verify the possibility of
to forecast the behavior of full scale waste forms from the
leaching experiments of a sample, withdraw from the waste
form, which would act as a fingerprint. Previous experiments
show that the diffusion coefficient varies with time due
possibly to the competition between the leaching of the
matrix components (corrosion) and the continued hydration of
cement.

In Figure 6 the averaged cumulative fraction of the
assayed samples against the leaching time is shown. In
Figure 7 the data are presented as the cumulative fraction
corrected for the first order geometric effect versus the
square root of time. This representation of data should
appear as a single straight line if the diffusion
coefficient were constant in time and equal for all like
samples. The difference among the samples clearly indicates
that the hypothesis used to evaluate the time dependence of
leaching is wrong.
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In Figure 8 the cumulative fraction versus (t/R^> is
given. If the diffusion coefficient was constant for the
samples, the curves should resemble the Figure 5 except for
a constant additive value. On contrary, the obtained values
scarcely keeps the same trend indicating the weakness of the
simple diffusion hypothesis as the main mechanism
responsible for the leaching of cesium from the samples.

Figure 9 gives the values of the average diffusion
coefficient evaluated out of the experimental data and for
each sample assayed. As can be observed, diffusion varies
quickly with time till stabilize to some value which
differs for each pair of samples.

CONCLUSIONS

The leaching tests realised with different size
samples showed that after 270 days the data obtained do not
allow for a definitive conclusion I It was expected that the
diffusion coefficient behavior would be the same for all the
samples, but that was not the case. So, the correlation of
data obtained from small samples to that of full scale waste
form is poor. Therefore, the extrapolation of short term
small sample data to longer periods of time is precluded at
light of a diffusion process, until more accurate
conclusions can be extracted from the experiments.
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EVALUATION OF LOW AND INTERMEDIATE LEVEL
RADIOACTIVE SOLIDIFIED WASTE FORMS AND PACKAGES

A.S. WILLIAMSON
Ontario Hydro Research Division,
Toronto, Ontario,
Canada

Abstract

Research projects for the coordinated research programme covered:
evaluation of solidified ion exchange resin/carbon-14 waste
forms, evaluation of tritiated waste forms and packages, studies
of materials for high integrity containers, and investigation of
non-intrusive techniques for quality assurance of waste forms and
packages. Dynamic leach tests on cemented ion exchange resin
encapsulated in cementitious grout showed no release of carbon-14
over a 2 year period. Tritiated waste solidification did not
effectively retard tritium release from waste forms. The use of
a 1Omm thick high density polyethylene container provided the
required tritium retention. High density polyethylene, fibre
reinforced polyester and 316 stainless steel have the potential
to give a 300 year container life under storage and disposal
conditions. X-radiography can provide non-intrusive detection of
waste form defects and interior package deterioration.

Introduction
Ontario Hydro is a major Canadian electrical utility which
operates several CANDU nuclear power stations with a total
generating capacity of some 13 500 MWe. The company has complete
responsibility for the management of all low and intermediate
level radioactive wastes occurring from operation of these
stations. Waste management activities are conducted at the
Radioactive Waste Operations Site at the Bruce Nuclear Power
Development. At present all wastes are stored in engineered
structures at the site and there are no immediate plans to
develop and implement a disposal facility.
Carbon-14 and tritium are of particular concern in low and
intermediate level radioactive wastes arising from operation of
pressurized heavy water power reactors. For storage and
disposal facility safety assessments it is necessary to
demonstrate that conditioning of wastes containing these
radionuclides does provide adequate barriers to their release to
the environment. The use of high integrity containers to package
these wastes provides an additional engineered barrier to
strengthen confinement.
It is anticipated that future disposal facilities will require
proof that conditioned wastes and containers are sound and of
suitable quality for acceptance for disposal. It is considered
that process documentation alone will not be regarded as adequate
proof, therefore development of non-intrusive and non-destructive
procedures to determine waste form and package condition and
integrity is deemed necessary.
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Because of the foregoing considerations, the following projects
were selected for the Research Division participation in the IAEA
Coordinated Research Program:

1. Development of solidification techniques for spent ion
exchange resin containing carbon-14 and evaluation of
the waste forms.

2. Performance assessment of solidified tritiated waste
forms and packages.

3. Evaluation of materials for high integrity containers
with a target life of more than 300 years.

4. Study of non-intrusive methods for the determination of
conditioned radioactive waste form/package quality.

This final report for the third Research Coordination Meeting
deals with the experimental approaches involved in these research
activities, presents the major findings, and summarises the
conclusions reached for each research project. Readers who wish
to have more detailed information on the different studies are
referred to the list of reports given in Appendix 1.
1 . Evaluation of solidified spent ion exchange resin

vaste forms containing carbon-14
Purification of a CANDU power reactor heavy water moderator
circuit produces an organic ion exchange resin waste which can
contain up to 10 TBq of carbon-14 per cubic metre of resin.
Research into immobilization of this resin waste and evaluation
of the waste form performance was undertaken to determine the
suitability of the products for eventual possible disposal. The
immobilization matrices studied were; cement, cement/epoxy, and
water extendible polyester.
Physically satisfactory cemented ion exchange resin waste forms,
ie. free of cracks, could only be obtained at resin loadings
lower than 13% by weight. Leaching of this waste form over 100
days in demineralized water gave average carbon-14 cumulative
fractional releases of 7.00E-04 cm.
Use of an epoxy modified cement matrix allowed a resin loading of
15% by weight to be achieved without any apparent loss of waste
form integrity over 100 days immersion in demineralized water.
The cumulative carbon-14 releases from this waste form were
similar to those from the plain cemented waste.
With water extendible polyester as the matrix, ion exchange resin
loadings of 17 - 20% by weight were possible however, average
carbon-14 cumulative releases in demineralized water were of the
order of 1.5E-03 cm over the 100 day leaching period.
When these data were used in models of carbon-14 movement from a
hypothetical shallow disposal facility, possible releases were
apparently too high to meet population dose limitations.
However, dynamic leach tests on waste forms encapsulated in a
cementitious grout to simulate possible repository conditions,
resulted in no detectable carbon-14 releases over a two year
period. This indicates the excess cement effectively retards
carbon-14 movement and release.
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Additionally, the applicability of acid stripping carbon-14 from
the resin, and fixing it as a calcium or barium carbonate which
could be placed in a deep, high-level waste repository, is being
investigated. This would allow simpler treatment of the bulk
stripped resin possibly including destruction by incineration.
2. Performance assessment of solidified tritiated waste forms

and packages
Waste characterization studies have shown that all low and
intermediate level radioactive wastes generated by CANDU reactors
are contaminated to various degrees by tritium. Because the
levels are generally low (<7 GBq/m ) no extraordinary measures
are taken to manage this waste.
In contrast the operation of the Darlington Tritium Removal
Facility to decontaminate primary heat transport heavy water is
expected to produce tritiated wastes with higher levels of
activity which will need to be conditioned before they can be
placed into either storage or disposal. Therefore, techniques
have been developed to process and contain these tritiated wastes
in a suitable manner. In the absence of any firm guidelines, the
following two criteria were utilized in this work to evaluate the
performance of the waste forms and waste packages:
(a) The daily tritium release rate from conditioned waste

under leaching (water immersion) conditions should not
exceed 10 % of the initial activity.

(b) The integrity of the waste package should be
guaranteeable for 150 years (12 tritium half lives).
Implicit in this criterion is the assumption that waste
conditioned for storage should not require further
processing when it is moved to disposal.

Based on an assessment of the expected types and quantities of
waste arising from the Darlington TRF, the research focused on
the conditioning needs of:

(1) Tritiated water.
(2) Tritiated electrolyzer solution (25% KOD).
(3) Tritiated vacuum pump oil.
(4) Tritiated metallic components.

This section of the report consolidates all the pertinent
information that has been generated on the project and provides a
summary of the experimental data and conclusions that were
reached. Experimental details and results from individual sample
leaching tests are not included. For these, the reader is
directed to the appropriate research reports listed in Appendix 1 .

A static leaching test, in which the waste or waste package was
immersed in water which was not changed during the test, thus
allowing the tritium concentration in the leachant to accumulate,
was used in this work. This method of testing should give rise
to less conservative tritium releases based on diffusion theory,
than in the IAEA leach test where the leachant is replaced at
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fixed intervals. However, the approach is considered valid as
the data obtained was used solely for comparison of conditioning
techniques and was not intended for disposal facility safety
assessment modelling.
Tritiated Liquid Hastes:
The research studies showed that incorporation of tritiated
liquids into various immobilization matrices such as cement,
gypsum, and water extendible polyester resin was ineffective on
its own for reducing tritium releases to the environment. Even
the use of additives such as silica fume, vermiculite, polymers
and epoxy resin, to make the matrices less porous was inadequate.
Surrounding the immobilized tritiated liquid waste forms with a
1cm thick encapsulating layer of epoxy resin or water extendible
polyester (WEP) resulted in satisfactory tritium retardation.
Data on tritium releases are summarised in Table 1. However,
containment by encapsulation did not have long-term reliability
and rapid tritium release occurred after 500 days of leaching.
Since encapsulation can be regarded as an in-situ method of
making containers out of epoxy and WEP, the use of high density
polyethylene (HOPE) as a container was investigated as an
alternative.
High density polyethylene has very low water permeability, good
corrosion resistance and is cheap and easy to fabricate. It is
therefore a good candidate as the primary tritium barrier. It
suffers from the disadvantage that its water permeability is
increased when in contact with organic liquids. This is not a
serious problem since this effect can easily be corrected by
increasing the container wall thickness. Tables 2, 3, and 4 list
the tritium release data for various absorbed and solidified
liquid wastes contained in HOPE packages.
Tritium releases from non-immobilized and WEP immobilized
tritiated water contained in 0.1cm thick high density _fipolyethylene containers were 1.7x10 cm/day and 7.5x10 cm/day
respectively, demonstrating the effect of an organic matrix such
as WEP on the permeability of water through polyethylene. Taking
into consideration the surface area/volume ratio of these waste
forms, this translates into a tritium release rate less than the
10 % per day limit, even for a 0.1cm thick container.
As the primary barrier against tritium loss from tritiated
liquids is a water impermeable container, the immobilizing medium
serves essentially to prevent dispersion of the container
contents. In view of this and the relatively small volumes of
tritiated liquid wastes expected, the use of the simplest
immobilizing method, which involves absorption of the liquids
onto a sorbent material such as sawdust is considered adequate.
Of the three types of absorbents evaluated, sawdust was found to
be very effective at absorbing both electrolyzer solution (25%
KOD) and vacuum pump oil up to 65% and 48% loading by volume
respectively, without any free liquid being generated as a result
of vibration. To obtain a good absorbed mixture it was found
necessary to mechanically mix the waste with the absorbent. This
may prove difficult in the field but a compromise solution would
be to add the waste to the appropriate quantity of absorbent,
seal the container and put it on a drum roller or similar
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Table 2
Tritium Releases from Electrolyzer Fluid in 1 cm Thick High
Density Polyethylene Containers ( 224 Days Leaching )

Waste Form

KOH/Sawdust
KOH/WEP
KOH/Cement:SF

H-3 Activity
(GBq)
1 .2
1 .0
1 .7

Abs.(g)
83
232
352

Wt.

.3

. 1

. 1

Capacity(g/g)
4.2

1 .2
1 .0

7.

2.
6.

C.F.R
%/day
Ox10~5

7x10~4
,.

1x10

Rate
cm/day
1 .2x10~6

4.5x10~6
,

1 .0x10 b

Table 3

Tritium Release from Containerized Tritiated Liquids
Cumulative Fractional Release

Waste Form (cm/day)
Tritiated water in 1.7x10~6
0.1cm HOPE container.
Tritiated water/WEP in
0.1cm HOPE container 7.5x10
Oil exposed to DTO 7.8x10~3
in 0.1cm HOPE container.
Oil exposed to T2 1.4x10~4
gas in 0.1cm HOPE cont.
DTO/Oil/cement in 1.8x10~5
0.1cm HOPE container
DTO/Oil/Sorbent C in
0.1cm HOPE container

(1.5:1 w/w) 4.0x10_^
(3.0:1 w/w) 4.2x10_4
(6.0:1 w/w) 4.1x10

DTO/Oil/imbiber beads
in 0.1cm HDPE container

(4:1 w/w) 5.8x10"^
(6:1 w/w) 7.4x10
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Table 4
Tritium Releases from Oil Waste Forms in 1 cm Thick HOPE

Containers After 224 Days Leaching
Waste Form H-3 Activity Abs. Wt. Capacity C.F.R Rate

(MBq) (g) (g/g) %/day cm/day
Oil/Sawdust 137 88.3 2.5 2.5x10~4 4.2x10~6

Oil/sorbent C 122 35.4 4.9 2.0x10~3 3.3x10~5

non-intrusive mixing device. Without mixing, it is very likely
that the waste would pool in the bottom of the container,
saturate the absorbent at the bottom and prevent further
absorption taking place.

The leaching rates of tritium from oil and electrolyzer fluid
absorbed into sawdust and contained,in a 1cm thick high density
polyethylene container5were 4.2x10 cm/day (2.5x10 %/day) and
1.2x10 cm/day (7x10 %/day) respectively. This was acceptably
low compared to the daily release limit of 10 %.
Electrolyzer solution can also be incorporated into water
extendible polyester resin as well as silica fume modified
Portland cement but the waste loading for these waste forms was
considerably lower than sawdust absorption. However, unlike the
absorbed product these waste forms are monolithic and therefore
may be more acceptable for eventual disposal because of their
improved physical strength.
The tritium release rates from WEP and cement solidified
electrolyzer solution in high density polyethylene containers
were also acceptably low at 2.7x10 %/day and 6.1x10 %/day
respectively.

Tritiated Metallic Wastes:
The tritium contamination associated with metal components was
found to be distributed between the.bulk metal and the surface.
The surface contamination which was not identified but is very
likely to be tritiated water and adsorbed HT is easily displaced
by water or acid washing. From a radiation protection
standpoint, tritiated metallic components removed from service
will need to be packaged immediately to avoid isotopic exchange
between the surface tritium concentration and the humidity in the
air.
Tritium releases from bare and packaged metallic wastes are shown
in Table 5... Rather surprisingly, 1 cm thick high density
polyethylene packages containing tritiated metallic specimens
exhibited higher tritium release rates when subjected to leaching
conditions than other similarly packaged wastes. This was
attributed to the combination of a large void volume in the waste
container and non uniform concentration of the tritium activity
over the inner wall surface of the container.
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Table 5
Tritium Release from Metallic Wastes With and

Without HOPE Containers
Waste Tritium Container
Metal ACTIVITY THICKNESS

COPPER
STEEL
STEEL
STEEL
STEEL (WEP
STEEL
STEEL
STEEL

(MBq)

4.5
0.4-20
0.4-20
4

) 5
307
94
94

Tritium Release Rates
(cm/day) (%/day)

( cm )
0.
0.
0.
0.
0.
1 .
1 .
1 .

0
0
01
1
0
0
0

2
8
7
2
4
3
4
1

.9x1

.2x1

.7x1

.9x1

. x1

.6x1

.3x1

.7x1

0
0
0
0
0
0
0
0

-3
-4
-5
-4
-7
-4
-4
-4

(7 d)
(30 d)
( > 30
( 1 50
( 160
( 120
( 120
( >120

d)
d)
d)
d)
d)
d)

3
1
0
0
0
0
0
0

.7

.0

. 1

.06

.0006

.02

.02

.007

The tritium release rate from metallic waste packages can easily
be reduced by adding a material which can provide exchangeable
hydrogens to isotopically dilute the tritium in the package and
consequently reduce the tritium concentration gradient at the
container walls. A secondary benefit from this approach is that
provided the chosen backfill material is less compressible than
high density polyethylene, the waste form mass and strength could
improve performance in a disposal facility by reducing or
eliminating adverse long-term effects from bouyancy and
compressive forces.
Based on the work summarized here the following conditioning
treatments for tritiated wastes are recommended:
(a) Tritiated water, vacuum pump oil, and electrolyzer solution

be absorbed into sawdust (2.5 g and 4.5 g per gram sawdust
respectively) and the resulting mixture packaged in a 1cm
thick high density polyethylene container. The package
should then be hermetically sealed.

(b) Tritiated metallic wastes should be similarly packaged into
1 cm thick high density polyethylene containers as soon as
they are removed from glove box containment. The void
volume in the containers should be backfilled using a
material such as moist sand, WEP or cement and the package
hermetically sealed.

(c) The primary tritiated waste package should be then placed
into a corrosion resistant overpack which should be designed
to:

(1 ) provide protection from external corrosion due to ground
water and

(2) provide sufficient structural strength in a storage or
disposal environment to resist crushing by the weight of
other waste packages and backfill, etc.
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3. Evaluation of Materials for High Integrity Containers
This multi-year project, introduced at the 1988 RCM, involves
the evaluation of a number of different materials for possible
construction of high integrity containers for low to intermediate
level radioactive wastes. The selected materials have been
exposed to potential storage and disposal environments and to
different waste compositions in the laboratory and the field. The
object is to assess the performance of the selected materials
under different individual and combined exposures to establish
the potential service life achievable.
The materials included in the first phase of exposure were
aluminium, standard drum carbon steel, coal tar epoxy coated
carbon steel , 410 SS, 316 SS, methyl methacrylate,
polycarbonate, fibreglass reinforced vinyl ester, and high
density polyethylene from two manufacturers. These materials
were selected based on their cost, availability and corrosion
resistance.
Specimens were immersed for one year in the following liquids at
50 C; distilled water (control), cement water (near field
liquid), sulphuric acid, Turco 4521A (decontamination reagent),
Biofluor (scintillation fluid), and alkaline permanganate (AP,
decontamination reagent). All specimens were visually examined
every 2 to 3 weeks and with the metal specimens being weighed
about once a month.
1. Organic Materials:
Visual examination of the organic materials revealed no signs of
surface attack except for methyl methacrylate, polycarbonate, and
one type of high density polyethylene exposed to Biofluor, and
polycarbonate exposed to AP. The xylene in Biofluor caused the
methyl methacrylate to dissolve and the one type of high density
polyethylene to become very brittle. The polycarbonate turned
white and lost surface hardness. Polycarbonate specimens in
alkaline permanganate developed surface etching.
Tensile and flexural strength measurements given in Table 6
showed that the exposure to alkaline permanganate had
substantially decreased the strength of the FRP and polycarbonate
materials. With the exception of the brittleness induced in one
type of HOPE by Biofluor, this material was essentially
unaffected by any exposure. Figures 1 to 5 present the results
graphically.
The nature and mechanisms of deterioration were studied by
thermal analysis and infrared spectrometry. The results of these
examinations given in Table 7 show the polymeric materials are
undergoing surface oxidation and changing crystallinity.
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Table 6
Mechanical Testing Results After Exposure for One Year

FRP Flexural strength

As Rec
AP

Cement
Biof luor
Turco
Acid
Water

Plexiglas

As Rec
AP

Cement
Biof luor
Turco
Acid

Water

72
47
79

1 1 1
77
106
77

lb
86
29

1 00
121
61

1 15
85

(load

101
23
104
104
66

1 16
76

Tensile Strength

460
285
437
360
495
424

Polycarbonate

As Rec
AP

Cement
Biof luor
Turco
Acid

Water
Marlex
= = ss a s= =

As Rec
AP

Cement
Biof luor
Turco
Acid

Water
Sclairlink

As Rec
AP

Cement
Biof luor
Turco
Acid

Water

483
295
492
80
488
478
476

lb
400
290
431
385
425
432

380
315
410
365
430
456

Tensile Strength
lb

472
310
478
79

492
462
470

477
305
465
80
489
458
482

Tensile Strength

196
190
190
197
196
190
188

lb
191
202
195
195
199
190
201

195
192
199
195
193
193
196

Tensile Strength

269
216
242
238
272
237

- 230

lb
248
250
227
216
292
249
263

274
248
208
218
263
220
230

at break)
Avg
86
33
94

1 12
68

1 12
79

( load at
Avg

413
297
426
370
450
437

( load at
Avg
477
303
478
80

490
466
476

( load at
Avg
194
195
195
196
196
191
195

( load at
Avg
264
238
226
224
276
235
24 1

ASTM C581
Std %
12
10
1 1
7
7
4
4

break )
Std %
34
1 3
12
1 1
32
14

break )
Std %
4
6

1 1
0
2
9
5

break )
Std %
2
5
4
1
2
1
5

break )
Std %
1 1
16
1 4
1 0
1 2
1 2
1 6

, D790 Procedure A
As Rec

1 00%
38%

109%
130%
79%

130%
92%

As Rec
1 00%
72%

103%
90%

109%
1 06%

As Rec
1 00%
64%

1 00%
17%

1 03%
98%

1 00%

As Rec
100%
100%
100%
101%
1 01 %
98%

1 01 %

As Rec
100%
90%
86%
85%

105%
89%
91%
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Polycarbonate Specimens
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Figure 3
Methyl Methocrylate Specimens
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Figure 4
Sclolrllnk Specimens (HOPE)
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As Rec AP Cement Biofluor Turco

After One Year Chemical Exposure

Figure 5
Martex Specimens (HOPE)

Acid Water

2. Metals :

The effects of the different exposures on the metal specimens may
be summarized as follows:
With the exception of aluminium, the alkaline permanganate
solution had no effect on the metal specimens other than the
development of slight discolouration.
Biofluor, based on organic solvent, had no effect on the metal
specimens.
Water immersion caused the drum carbon steel specimens to lose
about 10% weight after one year and develop overall surface rust.
The other metals lost less than 1% weight. The weight change in
cement water of all metal specimens was less than 2%. However,
the aluminium showed pitting and the drum carbon steel had
surface rusting.
In Turco (pH about 3.5) a yellow residue was formed on the
aluminium specimens which lost about 50% weight in 230 days. The
410 SS turned black but lost only about 5% of weight at the end
of the one year exposure. During the same period the drum carbon
steel specimens lost about 10% of initial weight (Figure 6).
Details of weight change with time for all chemical exposures,
with the exception of sulphuric acid, are given in Table 8.
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Table 7
Chemical/Physical Changes of Polymers After Exposure for One Year

A. Sclnlrllnk (HOPE)

As Received
AP
Cemsnt
Biof lour
Turco
Acid
Water

Oxidation
Induction Time
at 210 C. min
6/ C 15.5»;
O/ C 2
O/ C 2.5

2
1
1

O/ C 2.3

Melting
Point
C
133
131
131
132
132
132
132

Percent
Crystailinity

46
48
50
48
51
49
48

Car bony 1
Absorbance

Not observable
Contaminated

Tensile
Strength» Comment

Ib
264
238 Oxidized surface, loss of antioxldant

.44/ center none 226 ditto
.69
.55
.69

.66/ center none

224 Surface oxidation, antioxldant s t i l l remaining
276 ditto
235 ditto
241 Oxidized surface, loss of antioxldant

8. Mar I ex (HOPE)

As Received
AP
Cement
Blof lour
Turco
Acid
Water

Oxidation
Induction Time
at IBO C. mm

10.3/C 6.2
I.O/C 15.5
1.4/C 13.0

5.5
16.0

18. 2/ C 12.6
11.5

tte It Ing
Point
C
133
133
133
132
132

131.5
1 3 1

Percent
Crystal 1 inity

3&
40
50
40
44
45
45

Car bony 1
Absorbance

Not observable
Not observable
Not observable
Not observable
Not observable
Not observable
Not observable

Tensi le
Strength» Comment

Ib
194
(95 Probably losing ant/oxidant
195 Losing antioxldant. significantly annealed
195
196
191
195

C. Methyl Methacry late

As Becelved
AP
Cement
B l of lour
Turco
Acid
Hater

TGA

Slightly higher ash content
S i m l lar to as

-
S i m l lor to as
Simi 1 ar to as
Slmi lar to as

received sample

received sample
received sample
received sample

Softening
Temperature

C
I I I
106
108
-
108
107
107

Tensi le
Strength»

Ib
413
297
426
-

370
450
437

D. Polycarbonate

As Received
AP

Cement
Blof lour
Turco
Acid
Water

TCA

S Imi lar to as

S i m l lar to as
Decomposes at
Siml lar to as
Simi lar to as
Simi 1 er to as

received sample

received sample
reduced temp
received sample
received sample
received swnple

Class
Transition

C
150
151

150
Not detectabl

156

Tensl le
Strength»

Ib
477
303

478
c 80

490

Oxidized, etched surface remaining material is s i m i l a r
to as received

Severely deteriorated

Not detectable 466
151 476

» Tens i le strength data Is the average of 3 readings
"" Thrremaming data were obtained using surface samples

except those marked with C which Indicate specimen centre samples
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Figure 6
Exposure - Turco 4521A at 50 C

Table 8
Weight of Coupons after Exposure/ Initial Weight

17
AP

410 SS
316 SS
CS 1 00

CS/CTE 1 03

Blofluor
Al

410 SS
316 SS

CS
CS/CTE

Cement Water
Al 1 00

410 SS
316 SS

CS
CS/CTE

TURCO 4521A
Al 0 96

410 SS 0 99
316 SS

CS 1 00
CS/CTE

Water
Al 1 01

410 SS
316 SS

CS
CS/CTE

81

1 00
1 00
1 00
0 99

1 00
1 00
1 00
1 00
1 00

0 99
1 00
1 00
0 99
1 01

0 87
0 98
1 00
0 99
1 00

1 01
1 00
0 87
0 98
1 00

Exposure Length, days
129 154 185 228

1 00
1 00
1 00
0 99

1 00
1 00
1 00
1 00
1 00

0 99
1 00
1 00
0 98
0 99

0 80
0 98
1 00
0 99
1 00

1 01
1 00
1 00
0 97
1 01

1
1
1
1

01111

111
01

0 75 0
0 97 0
1 00 1
0 98 0
1 01 0

1
1
1
01

00
00
00
00

99
00
00
00
01

08
00
00
98
00

70
96
00
97
99

01
00
00
96
00

1 00
1 00
1 00
0 97

1 00
1 00
1 00
1 00
1 00

1 06
1 00
1 00
0 99
0 98

0 53
0 96
1 00
0 97
0 99

1 01
1 00
1 00
0 94
1 00

256

1
1
1
1

1
1
1
1
1

1
1
1
0
1

0
01
01

111
01

00
00
00
01

00
00
00
00
02

02
00
00
98
01

29
96
00
95
00

01
00
00
93
00

291

1 00
1 00
1 00
1 02

1 00
1 00
1 00
1 00
1 02

1 00
1 00
1 00
0 98
1 01

0 18
0 96
1 00
0 94
1 00

1 01
1 00
1 00
0 92
1 00

320

1
1
1
1

1
1
1
1
1

1
1
1
01

01
0
0

111
0
0

00
00
00
00

00
00
00
00
01

00
00
00
98
00

95
00
93
99

01
00
00
92
99

370

1 00
1 00
1 00
0 96

1 00
1 00
1 00
1 00
1 00

1 00
1 00
1 00
0 98
0 99

0 96
1 00
0 90
0 99

1 01
1 00
1 00
0 90
0 99
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As previously reported, all metallic specimens sufferred severe
damage within 35 days iirom immersion in pH 1 sulphuric acid. In
pH 2 sulphuric acid, deterioration was much slower as was
expected. Detailed weight losses for both exposures are given in
Table 9. Both the drum carbon steel and aluminium specimens lost
about 15% of their initial weight after 250 days. There was
essentially no weight loss for 316 SS, 410 SS, and coal tar epoxy
coated carbon steel. The results for pH2 H-SO. are shown
graphically in Figure 7.

Table 9
Weight of Coupons after Exposure/Initial Weight

Exposure

pH 1 , sulphuric
Al410 ss

316 SS
CS

CS/CTE

acid
0
0
1
0
1

4

97
39
00
89
01

0
0
1
0
1

13

93
05
00
66
00

length,

0

1
0
0

24

78

00
14
99

days

0

1

0

3d

55

00

84

45

0 51

1 00

pH 2 sulphuric
Al

410 SS
316 SS

CS
CS/CTE

00>cos:O
ro>55
tc»Sc3

Exposure Length, days
8 36 57 84 109 140 163 183 211 246 275 325

acid
1 00 1 01 1 02 1 03 1 01 0 93 0 93 0 94 0 84 0 84 0 79
0 98 0 98 0 98 0 98 0 98 0 98 0 98 0 98 0 98 0 98 0 98 0 98
1 00 1 00 1 00 1 00 1 00 1 00 1 00 1 00 1 00 1 00 1 00 1 00
1 00 0 99 0 99 0 98 0 96 0 93 0 92 0 92 0 85 0 84
1 01 1 01 1 02 1 00 1 02 1 00 1 02 1 01 1 01 1 01 1 01 0 99

110% - —— — -— — - ——————————— - —— ——————————————————
100« -

90% -

80% -

70% -

60% -

50% -

40% -

30% -

20% -

10% -

0% -

_Jfa__fc=r_E.„ s.

i ~ — *r — — ~* — — — ~~3i T """** T Ï T i I t "T"̂ ---ix/ ' jlj '

^^*—~B\t)

1 - • ! - 1 1 i

AI 410 SS

100 200

Length of Exposure, days
O 316 SS

300 400

CS CS/CTE

Figure 7
Exposure — pH 2 Sulphuric Acid at 50 C
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4. Non-Intrusive Methods for Haste Form/Package Quality
Assurance Determination
Development of radiographie techniques for non-destructive
quality examination of waste forms and packages continues. A
stepped wedge simulating a water extendible polyester (WEP) waste
form, has been radiographed on different speeds of X-ray film,
with and vithout intensifying screens, and under varying
exposures and tube voltages. This WEP calibration data was used
to acquire radiographs of several different WEP waste forms.
These radiographs have shown that free liquid on the exterior of
the waste form inside the package can be detected by tilting the
container. Uncured emulsion in a pocket within the waste form
could not be distinguished from the surrounding solid. Cracks or
other discontinuities in the waste form which are filled with air
are readily visible. These defects are shown in Figures 8 and 9.
Figure 8 is a WEP waste form in an HOPE container with the waste
form and ullage space clearly visible. The top view shows
cracks in the waste form; these are in the body of the specimen
and are not visible on the surface. In Figure 9 the waste form
has been removed from the container. In radiographs 1 and 2 the
waste form was at four feet from the X-ray source and one foot
respectively. The closer distance was selected to reduce
scatter. Again the cracks in the waste form are within the body
of the specimen and are not visible on the surface.

FIGURES

WEP WASTE FORM IN HOPE CONTAINER
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1. Distance = 1 foot 2. Distance = 4 feet

FIGURE 9

WEP WASTE FORM (NO CONTAINER)

Corrosion, pitting, and other variations in container wall
thickness can also be detected.
The effect of radioactive material in the waste forms on the
radiographie-images was^assessed by exposing films to waste forms
containing Cs and Eu. Results indicate that emissions from
waste packages of 0.1 Mev and greater would not have adverse
effects on the photographic image.
The present focus of the work is on the examination of cemented
waste forms and computer enhancement of the images.
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APPENDIX 1

Additional Reading on the Ontario Hydro Research Projects
in the IAEA Coordinated Research Program

Progress Reports:
Williamson, A.S. IAEA Coordinated Research Program, "Evaluation
of Low and Intermediate Level Radioactive Solidified Waste Forms
and Packages", Report to First Research Coordination Meeting,
Cairo, 1 1 - 1 5 May, 1986.
Williamson, A.S. IAEA Coordinated Research Program,"Evaluation
of Low and Intermediate Level Radioactive Solidified Waste Forms
and Packages", Report to Second Research Coordination Meeting,
Beijing, 25 - 29 April, 1988.

Solidification of spent ion exchange resin containing carbon-14:
Habayeb, M.A. "Carbon-14 Releases from Moderator Resin Waste
Forms", Ontario Hydro Research Division Report Mo.85-1-K, April,
1985.

Performance assessment of solidified tritiated waste forms and
packages:

Williamson, A.S., "Tritiated Aqueous Waste Immobilization,"
Ontario Hydro Research Division Report Mo. 80-394-K, September,
1980.
Hawthorne, S.H., "Conditioning of Tritiated Wastes Part I -
Tritiated Water Immobilization,." Ontario Hydro Research Division
Report No. 82-531-K, December; 1982.
Hawthorne, S.H., "Conditioning of Tritiated Wastes Part II -
Tritiated Water Solidification and Encapsulation," Ontario Hydro
Research Division Report No. 84-6-K.
Krasznai, J.P., "Conditioning of Tritiated Wastes from a Tritium
Removal Facility," Spectrum 86, Niagara Falls, N.Y., September,
1986.
Krasznai, J.P., "Tritiated Waste Conditioning Part III (a)
Performance of Containerized and Encapsulated Waste Forms,"

Ontario Hydro Research Division Report No. 85-279-K, November,
1985.
Krasznai, J.P., "Tritiated Waste Conditioning Part IV - Package
Verification Tests," Ontario Hydro Research Division Report No.
88-200-K.
Krasznai, J.P., "Tritiated Waste Conditioning Part III (b) (c)
and (d), The Conditioning and Leaching Performance of Tritiated
Oil, Electrolyzer Fluid and Metallic Waste,"
Ontario Hydro Research Division Report No. 86-171-K,
December,- 1986.
Pringle, T.G., "Solidification of Radioactive Organic Liquid
Waste," Ontario Hydro Research Division Report No. 88-84-K, Sept
1 1988.
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IMMOBILIZATION OF SPENT RESINS WITH POLYMERS

Xianhua FAN, Shanggeng LUO, Meiqong LIN,
Yaozhong JIANG, Huazhi LI, Xiufang LI,
Giali TAN, Yuhua ZHANG, Lian WANG
Institute of Atomic Energy,
Beijing, China

Abstract

This report describes the processes for immobilization of
spent, resins generated from NPPs with polymers in which
styrène and polyester have been investigated.The results
obtained show that both styrène and polyester system pro-
cesses are feasible to solidify spent resins by means of
dewatering or drying if necessary. The performance, such
as mechanical strength,leaching rates, thermal stability
and radiation resistance etc, of the solodified forms with
styrène and polyester can meet the requirements of storage,
transportation and final disposal. Though the styrène system
process may have a maximum loading capacity of as high as
65 wt%, which is more than that of polyester system, and
a little cheaper cost, the poly-ester system possesses its
own advantages , such as no special requirement of solidifi-
cation temperature, relative short period of solidification
needed and lower leaching rates and cumulative fractions.

1. Introduction
The nuclear industry generates considerable amounts of spent
ion-exchange resins which may require further treatment prior
to safe disposal. Owing to the fact that spent resins are
small beads or powder materials and have a strong exchange
capability, the conversion of them into a stable monolithic
forms by polymerization will minimize the potential for radio-
nuclides to the environment during storage, transportation and
disposal.This report describes the processes for immobilization
of spent resins, generated from NPPs, which will be put into
operation in the near future in China, with polymers in which
styrène and polyester have been investigated on the solidified
process and characterization and evaluation of solidified waste
forms with them. (1,2)

2. Polystyrene
2.1 Solidification technology
— In this solidification process, styrène is used as binder,
divinylbenzene(DVB) as cross-link agent,azo-bis-butyronitrile
(AIBN) as initiator and span-80 as emulphor. These four agents
are first filled with a predetermined weight into a container
which will be used as final storage drum and mixed to form an
emulsion. After proper viscosity obtained, the container is
conveyed to the filling position where spent resin weighed is added
and mixed again until the homogeneous product is obtained, then
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cured at 30°C. In this process the loading capacity is as high
as 65%. The flow diagram of this process is shown in Fig.l.

Moisture effect
The spent resins dewatered through gravity settling up to moisture
45-50% are suitable for direct solidification by using emulphor.

Effect of pre-polymerization temperature and viscosity
The results obtained showed that the temperature has a significant
influence on the pre-polymerization process and the optimum temper-
ature of polymerization is about 30°C. The proper viscosity of
solidification agent isabout 250-500 cPa.s.
— Mixing condition and polymerization behaviour
After desirable viscosity reached, the spent resins were added
and mixed with a shear at the speed of 300-500pm for 3-5 minutes,
afterwards cured at 25-30°C. The whole polymerization process takes
about 3 days.

Thermal effect of polymerization process
Thermal effect has a great influence on the safety of the technical
process and product properties. The exothermal extent depends
greatly on the formulation and the environmental condition. The
maximum temperature at the center of 50 Kg solidified waste form
is about 91°C at the environmental temperature of 25 °C.

Boron effect
The experiments indicated that the presence of boric acid in
spent resins to be solidified has no influence on the properties
of polymerized forms.

cross-linkagent initiator

pre-polymerization polymerization

FIG. 1. Flow diagram of the polystyrene solidification process.
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2.2 Charaterization of solidified forms
— Appearance and density
The solidified products are homogenous, tough and monolithic and
their surfaces are smooth and no resin particles are exposed on
the surface. The mean density is as follows:

cation resin solidified form 1.07 + 0.03 g/cm-3
anion resin solidified form 0.94 + 0.03 g/cm-3
mixing resin solidified form 0.97 + 0.03 g/cm-3

Mechanical strength
According to the damage loadage of the test device and the cross
section of the solidified forms, the mean yield strength is
calculated to be 230-240 Kg/cm-2. Subjected to compression and
impaction the solidified form may be deformed but not brocken into
the pieces.
— Impact effect
When the specimens (50mm in diameterX 50mm in high) fall down
freely on the concrete ground from 9,12, and 14m high, there was
no obvious damage on them. The weight loss of the test sample from
14m high is only 0.1-0.3% of total weight.
— Leachining resistence
The leaching tests were carried out according the IAEA recommended
method (3). After leaching in deionized water for 100 days (even
3 years) there was no change of appearance, no cracking or spalling
and no swelling. Leaching rates in cm/day and cumulative fraction
by % of 180 days are reported in Table 1. The volume and weight
increased less than 1% and 2% respectively after leached.

Table 1: Leaching test results after 180 days

Nuclide

Cs-137

Sr-85

Co-60

solidified

cation
mixing
cation
mixing
cation
mixing

form

resin
bed resin

leach ratecm/dav
4.
6.

resin 8.
bed resin
resin
bed resin

2.

6.
4.

20X10-
10X10-

15X10-
35X10-
61X10-
91X10-

6
6
8
7
8
7

cumul

o.
0.
0.
1.
o.
3.

. fraction

43
81
03
24
08
98

Thermal stability
After the specimens were stored in a oven at 200°C for 24 hours,
there was no occurrence of smoking or combustion. Their weight
losses are from 16.4% to 22.2%.
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Flash point and burning point
The thin specimen of 50mm diameter , 3-4mm thickness was hung in
the center of a oven in which the temperature was raised gradually
and a small fire of burning ethyne was moved slowly over the test
sample. Flash point and burning point obtained was 270°C and 288°C
respectively.

Radiation resistance (4,5,6,7)
The test specimens of styrène solidified product containing
spent resins were packaged with aluminum film and irradiated to
be given a cumulative dose of 0.1, 1.0, 10 MGy respectively.
After irradiation, the dimensional change, weight loss and
compressive strength change were reported as below:

dose
MGy
0.1
1.0

dose rate
10 Gy/hr

5.26
17.5

volume Sweight
changes
slight
little

compressive
strength change
slight
little

10
94.6
94.6 less 5% obviously decreased,

crisp and- breakable

Radiolytic and thermolysis gas evolution
The test specimens of 16mm diameter 100-120mm high were weighed
and sealed into separated glass tubes in vacuum then irradiated
with Co-60 source or heated at 60, 90,120eC for 10 days. The
amount of radiolytic gasses is 2.3 X10-3 ml/g in the dose range
of 1-50 MGy, among them are CC»2, CO, CH4 and H2- The amount of
thermolysis gas is 0.52-0.61 ml/g.
— Corrosion behaviour
Four types of metallic materials (stainless steel, carbon steel,
aluminum and iron coated zinc) have been tested by immersing
them in simulated waste forms with 25mm depth at room temperature
for 251 days. The results of corrosion tests were reported in
Table 2.

Table 2: The results of corrosion tests

material solidified waste
forms

corrosion rate
K,

annu. corrosion
depth, Ke mm/a

stainless mixed bed resins 5.03X10-6
s tee 1
lCrl8Ni9Ti Cati°n resins 1-06X10-5

carbon mixed bed resins 3.57X10-3
C +- O C> "I A3 cation resins 3.88X10-3
aluminum mixed bed resins -2.10X10-5*

cation resins 1.42X10-4
iron coated mixed bed resins 2.10X10-3
__ -j y~ __

cation resins 1.30X10-3

5.54X10-6
1.17X10-5

3.98X10-3
4.33X10-3

-6.80X10-5*
4.59X10-4

2.36X10-3
1.46X10-3

* oxidized layer produced on the surface
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Waterproof property
The test was carried out by immersing the cylidrical specimens
of 50mm diameter,50mm high into 800ml deionized water at 40°c
and room temperature for 440 days. (8) The weight and volume were
increased about 6.2% and 4.0% respectively, and yield strength
was decreased less than 5.0% after immersed in 4QOc water for
440 days. Detailed data was shown in Table 3.

Table 3: Weight and volume changes of immersed samples

item immersion solidified immersion time, days
temperature forms 100 200 260 320 360 440

weight room cation
change temperature resins
wt%

mixed bed
resins

1.1 3.2 3.5 3.6 3.6 3.6

2 .0 4 .9 4 .8 4 .7 4 .7 4 .6

40 °C cation
resins
mixed bed
resins

1

2

.9

.0

6.1

4.9

6.

4.

2

8

5.9

4.7

5

4

.4

.7

4

4

.6

.6

volume room cation
change temperature resins
V%

mixed bed
resins

1.3 1.4 2.0 0.6 0.8 0.7

1.9 2.6 2.7 1.5 0.5 0.6

40 mixed bed
resins 2.8 3.5 4.0 1.9 2.5 1.7

Atomspheric aging test
The test specimens were exposed at the roof of a high building
for 247 days with a total sun-light of 1957 hours and rainfall of
519.8mm. The data obtained indicated that no noticeable changes
happened in solidified form properties except significant weight
loss of about 30 wt%.

Land buried test
This test was performed by land burial. (9) The weighed specimens
of 50mm diameter,50mm high were buried in wet and dry soil under
ground for 247 days (from April to December in Beijing). The
results after buried test indicated that the deterioration of
solidfied forms attached by microbes is not serious even under
the circum&tance such as wet and good soil which may be suitable
for bacterial grouth.
-- Frost and thaw cycle test
The test specimens of 50mm diameter, 50mm high were freezed at -
for 3 days and then heated at 40 OG for 3 days in cycle. The effect
of the test are given in Table 4.

73



Table 4: The results of heating and freezing test
________in cycle____________________________

sample
No.

accumulated
time, days
-1QÛC, 40°C

change in
compressive
strength

change in
weight

change in
volume

2.8 - 0.08 - 0.3

5.1 - 2.7 - 1.0

3

4

12

15

12

15

+ 9.9

+ 7.1

- 3.6

- 5.3

- 1.4

- 1.1

3. Polyester (10)
3.1 Solidification technology

Solidification process
In this process, the bider (unsaturated polyester resin,
No.196, which is commercially available chemicals.) and the
catalyst (cychlohexanone peroxide) are first fed to a drum and
mixed, then the promotor (cobalt naphthenate) is added and mixed
again. After being thoroughly mixed, the spent resins are put into
it and stirred uniformly. When mixing is completed, the drum is
transferred to a intermediate storage area where it is allowed
to set. The whole polymerization process can be performed during
about two hours at ambient temperature. The flow diagram of the
polyester solidification process is shown in Fig.2.

condenser
dryer n——m vent

FIG. 2. Flow diagram of the polyester solidification process.
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Pre-treatment of spent resins
Mechanical dewateringand drying of spent resins prior to immobili-
zation may be necessary to improve product quality and gain volume
reduction. Inthis process, mechanical dewatering of bead resins is
performed in a drum by means of vacuum filtration to remove free
water on them. The vacuum evaporator with steam heater has been
applied for further dewatering of bead resins if needed.

3.2 Waste form properties
The properties of the radwaste solidified blocks incorporating

spent resins produced on a laboratory scale, have been studied
based on the requirements of storage and disposal.

Waterproof property
The solidified waste forms may be contacted with or even immersed
in water during storage and/or disposal. So it is very important
that those forms should have good waterproof properties with which
there do not cause such abnormal phenomena as volume expansion, much
changes in weight and swelling or cracking which will greatly lower
the fixation of radionuclides embeded in waste forms. Only such
formulation can be selected, by which the properties of solidified
waste forms can meet the requirements of final disposal, in this
paper,the ,influence of water content in ion-exchange resins and
loading capacity on waterproof property has been investigated. The
data obtained after the specimens immersed in deionized water at
room temperature for 30 days are shown in Table 5 and Fig.3. The
study indicates that in immobilization process of spent resins with
polyester, loading capacity should be less than 45% and water content
in 1ER should be more than 30 wt%, otherwise too dried spent resins
can be embeded with polyester at the expense of loading capacity.

Table 5: The changes in volume and weight of polyester
________products after immersed in water for 30 days

Loading
wt%

change in volume %
32.4%* 40.0%* 49.4%*

change in weight %
32.4%.* 40.0%* 49.4%"

20

25

0.15 0.05 0.20

0.60 0.60 0.19

0.05 0.30 -0.60

0.70 0.35 0.23

30

35

40

45 _

50

0.

1.

1.

1.

2.

60

1

2

5

6

0

0

1

1

2

.47

.50

.2

. 1

.0

0.

0.

0.

2.

3.

13

36

49

1

7

0.

1.

1.

2.

3.

30

0

1

9

6

0.

1.

2.

4.

4.

80

7

4

6

0

0.

-0.

0.

1.

3.

40

40

02

2

9

water content in ion-exchange resins
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6.C

5.C

4.C

.(

2.C

a: change in volume
b: change in weight

20 30 40 50 60
water content wt%

FIG. 3. Waterproof property of polyester products.

In this experinmental test, 40 wt% loading capacity and water
content of 45-50 wt% in 1ER (no free water on the surface) are
controlled.

Compressive strength
The experimental results obtained on a laboratory scale
are summarized in Table 6. THe data indicate that the
compressive strength of waste forms depends on loading
capacity and water content in spent resins to be solidified,
i.e, the compressive strength increased with the decrease of
loading capacity and increase of water content in spent resins.
When the loading capacity of solidified waste forms is less
than 45 wt% and with spent resins containing 30-50 wt% water,
the compressive strength of most waste forms is more than
lOMPa which can meet the disposal requirements and increased
considerablly after immersed in water for 30 days.

Elevated temperature test
The test specimens were put into a oven, where the temperature
was kept at 200 °C, for 24 hours. The results obtained are
shown in Table 7.
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Table 6: Compressive strength of solidified waste
forms after immersed in water

loading 32.4%* 40.0%* 49.
wt% ———————————— ———————————————

initial immersed initial immersed initial immersed

20 16.4 33.3 20.3 33.5 24.3 21.5

25 12.0 26.9 11.3 23.6 22.3 33.8

30 13.2 34.3 9.4 28.6 16.0 34.5

35 5.4 28.3 10.3 24.6 12.5 32;8

40 12.4 25.1 8.4 22.2 11.0 25.3

45 7.2 23.0 5.5 12.2 12.9 26.8

50 6.S 25.5 2.7 14.7 16.9 26.6

* water content in 1ER to be solidified

Table 7: The results of elevated temperature test

water loading additives change change compressive strength
content in in _______________
wt% wt% 10wt% volume weight

initial tested(MPa)

50 40 —— -15.2 -20.9 36.3 19.4

50 50 —— -19.8 -22.5 30.1 12.2

37 40 —— - 7.6 -18.7 35.3 27.4

37 50 —— - 6.6 -16.6 18.5 8.7

50 40 CaC03 -17.1 -26.4 20.2 11.3

50 40 bentonite -13.9 -24.5 35.6 19.7

50 40 silica-gel - 6.3 -20.4 32.0 26.9
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From the test data, it is obvours that those specimens containing
less water content in 1ER have a less change in volume, weight
and compressive strength after elevated temperature test.There
is no noticeable improvements on their properties when the
additives added. After heated up to 200 ^C, however, the
compressive strength of all the tested specimens can still meet
the requirements of the final disposal.

Thermal cycle stability
Considering prolonged interim storage terms, thermal cycle tests
have been done for 30 days under changing temperature between
-20 and 35 °C, keeping each 24 hours at lowest and highest
temperature. The samples with various loading capacity, water
content in 1ER and additives have been tested. The results
obtained are given in Table 8.
The test indicated that no noticeable changes were observed in
volume, but the change in weight was from -3% to -8.8% compaired
with each initial weight. Their compressive strength in most
cases increased considerably after the thermal cycle test. This
effect is probably due to a post- hardening phenomenon.

Table 8; Thermal cycle test results

water loading additives change change compr. strength,MPa
content in in

wt% wt%
volume weight . ., . , ,, ,, ,initial thermally cyclt

20 wt% % %

50

50

37

37

50

50

50

40

50

40

50

40

40

40

—— -0.

_ _ _ _ 1

—— -0.

-0.

CaC03 -0.

bentonite -1 .

silica-gel -0.

4

0

4

4

4

0

4

-8.8 14.4

-8.6 21.1

-3.1 18.5

-6.5 12.8

-3.2 15.3

-5.0 28.6

-4.7 34.4

23.

30.

23.

13.

17.

27.

29.

2

8

5

7

3

3

9
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— Radiation resistance
The test specimens of 50 gram each were sealed in separated
glass tubes and irraiated by Co-60source up to total dose of
1.06 MGy with the dose rate of 1.5X104 Gy/hr. There was no
noticeable change in volume, weight and compressive strength
after the samples irradiated.
The radiolytic gasses evolved are shown in Table 9.

Table 9: The radiation results of polyester waste forms

type of change in change in
resins volume weight
embeded % %

gasses evolved, mol/g,form

C02 CH4 CO

^
OH-

BO3~3

H*/OH-
(1:1)
L,i*/B03-3

-0.42

-0.03

-0.86

+ 3.32

-1.50

-0

-4

•» 1

-1

-1

.29

.5

.2

.58

.25

3.

5.

5.

3.

2.

4X10-6

1X10-6

0X10-6

2X10-6

0X10-6

1

3

1

4

2

.1X10-5

.7X10-5

.2X10-4

.0X10-5

.3X10-5

9.

5.

2.

3.

2.

2X10-8

1X10-7

3X10-7

7X10-7

2X10-7-

2

5

2

3

2

.3X10-6

.6X10-6

.2X10-6

.9X10-6

.0X10-6
(1:1)

Leaching behaviour
The leaching tests have been carried out according to the
ISO method at room temperature and using distilled water.
The spent resins to be solidified were spiked with Sr-85,
Cs-134 and Co-60. The leaching rates and cumulative frac-
tion for 180 days are reported in Table 10. It can be seen
that the leaching rates of Sr-85, Co-60 and Cs-134 are very
low, especially the cumulative fraction of them embeded in
polyester are much less than immobilized in other polymers,
though Cs-134 israore readilyleached than Sr-85 and Co-60.
No practical improvement was observed for those specimens
containing some additives, such as CaCO3, bentonite and silica-gel .
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Table 10: The leaching results of immobilized waste forms with
________polyester after leached for 180 days______________

water loading additives leaching rate cm/day cumulative fraction
cont.
wt% wt% 20% Sr-85 Co-60 Cs-134 Sr-85 CO-60 Cs-134

40 40 —— 6.5X10-8 7.9X10-8 4.5X10-6 2.1X10-5 2.2X10-5 8.1X10-4

40 50 —— 6.6X10-8 6 .2X10-8 5.8X10-6 2.0X10-5 1.9X10-5 1.0X10-3

50 40 —— 6.7X10-8 5.1X10-8 5.2X10-6 2.8X10-5 2.6X10-5 9.8X10-4

50 50 —— 1.0X10-7 5.2X10-8 2.5X10-5 4.4X10-5 1.7X10-5 4.5X10-4

50 40 CaC03 3.5X10-8 9.1X10-8 1.1X10-5 3.6X10-5 6.2X10-5 2.0X10-3

50 40 bentonite 1.3X10-7 1.5x10-7 4.2X10-6 2.8X10-5 3.0X10-5 7.6X10-4

50 50 bentonite 1.2X10-7 7.6X10-8 4 . 0 X 1 0 - 6 6 . 7 X 1 0 - 4 6 .6X10-4 7.2X10-4

50 50 silica-gel 2.4x10-7 1.1X10-7 4 .6X10-5 1.7x10-4 2.1x10-4 8.4X10-3

4. Conclusion

— Both of styrène and polyester system processes are feasible
to solidify spent resins from NPPs or other industry facilities
by means of dewatering or drying if necessary.

The performance, such as mechanical strength, leaching
rates, thermal stability and radiation resistance etc, of the
solidified forms of spent resins with styrène or polyester can
meet the requirements of storage, transportation and final
disposal.

— By making a comparison between the styrène and polyester
immobilization processes, it is quite evident that the styrène
system process may have a maximum loading capacity of as high
as 65 wt%, which is more than that of polyester system, and
a little cheaper cost, on the other hand, the polyester process
possesses its own advantages, such as no special requirement
of solidification temperature, relative short period of
solidification needed and lower leaching rates and cumulative
fractions.
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Abstract

This study dealt with a cement monolith solidification process for
intermediate level liquid wastes from fuel reprocessing plants. Yong Deng 525
type portland cement (Chinese product) and two simulated wastes (evaporator
concentrate [NaNOs: 330 g/1, NaaCOa: 50 g/1, NaOH: 20 g/1] , decladding waste
solution [NaN03: 280 g/1, Na2C03: 40 g/1, NaOH: 80 g/1, NaA102: 100 g/1]) were
chosen for the study. The two main aspects of the investigation were: evaluation
of the properties of waste-cement mortars (fluidity, setting time, bleeding
behaviour, temperature rise caused by hydration heat etc.) and charac-
terization of the waste-cement products (compressive strength, leachability,
radiation stability, thermal expansion, autogenious expansion, wet expansion,
thermal analysis etc.) .

The study showed that the cement monolithic waste form solidification
process is suitable for both the simulated evaporator concentrate and the
decladding waste solution.

1.INTRODUCTION

Cement has been widely used for many years for

solidifying low- and intermediate- level radioactive

wastes which mainly come from nuclear power plant and

fuel reprocessing plant. In the case of reprocessing

plant, the aqueous waste solutions from separation

processes contain not only large amount of fission

products, including Sr-90, Cs-137 etc. but also various

soluble salts, such as sodium nitrate. Some of these

salts have strong effect on the properties of cement

mortars. Their higher radioactive level (normally 10"1

to 10~2 ci/1) and higher salts content (up to 500
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g/l)make the cementation process more difficult than the
case of nuclear power plant.

Normally, cement-waste products are packed with different
type drums then transfered to the storage site. Another
conceptional process has been proposed by the Chines
Nuclear Industry Ministry for fixation of reprocessing
plant wastes. In this process the wastes are pumped to
the storage site nearby and mixed with cement in the
mixer which installed on the top of the underground
storage trench. Cement mortar are directly poured into
the trench and solidified as a monolith. Since this
monolith process put the waste conditioning and shallow
bury disposal tow steps together, its advantages are
obviously: simple equipments, large capacity and less
investment. But, on the other side, the rhéologie
properties of cement mortar (initial setting time, self-
leveling etc.) and the hydration heat accumulation in the
centre of the monolith etc. will ask special
investigation.

In this paper, the study was directed toward
incorporating simulated reprocessing plant wastes alone
into cement, evaluating the properties of cement mortars
and solidified cement-waste products and defining the
optimum formulations which are suitable for monolith
process.

Two compositions of simulated wastes were chosen for
study: evaporator concentrate (salt content 400 g/1, in
which NaN03 330 g/1, NaCO3 50 g/1, NaOH 20g/l) ;
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decladding waste solution (salt content 500 g/1, inwhich
NaNO3 280 g/1, NaC03 40 g/1, NaOH 80 g/1, NaAlO2 100
g/1). Yong Deng 525 type portland cement (home-made) was
chosen for the study.

2. STUDY OF CEMENT MORTARS

2.1. Fluidity of cement mortars

Appropriate fluidity of cement mortar is desirable during
casting the mortar into the trench. The fluidity depends
on the water/cement ratio, the type of solidified salts
and the salt/cement ratio. Fluidities were measured by
means of measuring the diameter of diffusion of cement
mortars. The results are given in mm.

Experiments show: the fluidity increases as the
water/cement ratio and salts/cement ratio increases (see
Fig.l, Fig.2). The addition of the flow promoter
distinctly increases the fluidity. DH^A and NC type flow
promoter were used in the tests (flow promoter/cement
ratio is about 0.003 to 0.005). When the water/cement
ratio is between 0.50 to 0.65, while salts/cement ratio
is between 0.20 to 0.30, with flow promoter, the fluidity
can reach 200 mm (see Table 1) . The fluidity of above
190 mm is needed according to the casting practice.

2.2. Setting Time

A needle penetration method (Chinese Standard GB 1346-77)
was used to measure the setting times. Experiments show
that the setting times of cement mortars which contain
evaporator concentrate are affected not only by the
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FIG 1 Dependence of fluidity on the water/cement ratio in the case of
solidification of evaporator concentrate.
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FIG. 2. Dependence of fluidity on the water/cement ratio in the case of
solidification of decladding waste solution.



TABLE 1. EFFECT OF ADDITIVES ON FLUIDITY OF CEMENT MORTAR

typeof waste

evaporator
concentrate

decladding
waste
solution

water/cement
ratio (w)

0.65

0.60

0.55

0.50

0.45

0.50

salts/cement
ratio (w)

0.30

0.28

0.26

0.23

0.21

0.30

additives
type

DH4A
NC

NC

DH, Ak
NC
DV
NC
DH. A4
DH, A4

additive/cement
ratio (w)
0.003
0.005
0

0.005
0

0.003
0.005
0.003
0.005
0.003
0.003
0

fluidity
(mm)
300
262
177
243
143
238
220
224
200
181
210
173

water/cement ratio but also by the salts/cement ratio.
As the water/cement ratio increases the setting time
increases (see Fig.3). In the case for solidifying
decladding waste solution, the setting time of cement
mortars are strongly affected by salts/cement ratio than
by water/cement ratio. The salts/cement ratio of 0.25
seems to be a critical point. When the salts/cement ratio
increases above it, the setting time of cement mortar
increases rapidly (see Fig.4).
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FIG. 3. Effect of water/cement ratio on setting time in the case of
solidification of evaporator concentrate.
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solidification of decladding waste solution.



2.3. Bleeding Behavior

The study method is: put the just prepared cement mortar
immediately into a 250 ml measuring cylinder to measure
the volume change of free standing water on the surface
of cement mortar. The experiments show: in the case of
evaporator concentrate-cement mortar (water/cement ratio
0.5), the volume of free standing water is only 8/1000 of
total volume of mortar and disappear in 15 hours; in the
case of decladding waste solution-cement mortar
(water/cement ratio 0.5), there is no free water on the
surface of mortar.

2.4. Temperature Rise Caused by Hydration Heat

A well insulated container which contains a Dewar flask
with the sample inside (volume: 2 to 2.5 litre) was made
for the detect measurement of the heat of hydration. The
air temperature in the insulated container is always kept
close to the sample temperature (normally 3 to 4°C lower
than sample temperature) by manual control. So that very
few heat exchange can take place. Thus, it can be
considered as a approximative adiabaticj condition. The
temperature curve is recorded on a recorder.

The temperature-time curves (see Fig.5) shows that the
maximum temperature increases (difference between the
maximum temperature of cement-waste product and room
temperature) in the samples which contain simulated
evaporator concentrate and decladding waste solution
appear after 150 hours and 130 hours respectively, and
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the maximum possible temperature increases under above
curing approximate 60°C and 80°C respectively.

When using the monolity process the centre of the
monolith may have temperature rise. This may effluent
the properties of cement-wastes products. From point of
view: the laboratory experimental condition should be
very close to the real condition so as to make the
experimental results more practicable. So, on the study
of characterization of cement-waste products the
approximative adiabatic curing condition should be taken
into consideration during the sample preparation.

3. CHARACTERIZATION OF CEMENT-WASTE PRODUCT

3.1. Compressive Strength

Compressive strength of cements-waste products depends
very largely on the contents of water, salts and
additives, the curing condition and time. A number of
measurements has been made to correlate the Compressive
strength with these factors. A Chinese standard GB 2419-
Slwas used for the determination of the Compressive
strength.

It is found that the Compressive strength of cement-waste
products which contain evaporator concentrate decreases
as the _water/cement ratio increases (see Fig.6). So,
from point of view of Compressive strength, the lower
water/cement ratio, the higher compressive strength it
has. But considering the fluidity of cement mortar,
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setting time and the principle of as more waste content
in the cement-waste product as possible, for the reason
of having a good workability, after comparison the
formulation of water/cement ratio 0.50, salts/cement
ratio 0.23, additive (DH4A)/cement ratio 0.003, was
chosen for evaporator concentrate and the conmpressive
strength 80 Kg/cm2 was obtained (under approximative
adiabatic curing condition) (see Table 2).

TABLE 2. PERFORMANCE OF CEMENT PRODUCTS UNDER APPROXIMATIVE ADIABATIC
CURING CONDITIONS

Item

Maximum temperature
rise

(°C)

Compressive
strength

(MPa)

Compressive strength
after 1000 KGy
irradiation

(MPa)

Leaching
rate
(crn/d)

85Sr

13^Ca

7 d
k2 d
200 d

7 d
2̂ d

200 d

Evaporator concentrate-
cement product

57

7-93

8.56

9.03x10"̂
9.97X10-̂
5. 63x10-°

8.36X10-?3.11X10-5
7.30x10"̂

Autogenous ,
expansion 7.30X10"

Declädding waste
solution-cement product

76

13.92 (80 d)

15.58

6.17X10-^
5.00x10-̂
1.61X10-5

2.62X10-2 1.92X10-2 *
1.7̂ X10-3 2.61X10"^
1.24X10-^ 2.60X10"̂

Undor room temperature curing condition
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For the decladding waste solution-cement product, it is
very clear that compressive strength decreases as the
salts/cement ratio increases. According to the same
philosophy, the formulation of water/cement ratio 0.50,
salts/cement ratio 0.3,additive (DH4A)/cement ratio 0.003
was chosen for decladding waste solution and the
compressive strength 143 Kg/cm2 was obtained (under
approximative adiabatic curing condition) (see Table.2).

From waste disposal practice and reported
recommendations / above value of compressive strength
should be considered high enough for disposal.

3.2. Leachability

Sample preparation: The simulated radioactive evaporator
concentrate (or decladding waste solution) was prepared
by adding 2 ml of Cs-134 tracer solution (10 dis/min.ml
of Cs-134) or 4 ml of Sr-85 tracer solution (10
dis/min.ml of Sr-85) to 60 ml simulated non-radioactive
evaporator concentrate (or decladding waste solution).
When the simulated radioactive waste solution was added
continuously into the dry mixture (cement and additives)
the nuclide (Cs-134 or Sr-85) was distributed throughout
the paste by manual mixing (water/cement ratio 0.5). The
paste then was removed from the 500 ml mixing bowl, cast
into two parallel 100 ml molds and then cured under
approximative adiabatic curing condition in a special
designed curing box.
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leaching test: A Chinese standard "Long-term Leach
Testing of Radioactive Waste Solidification Products" was
used for the measurement of leachability. The principle
conclusions are:

-Cs-134 leachability for the evaporator concentrate-
cement specimen without zeolite is from 1x10 cm/d at
the first day to 7.30xlO~4 cm/d at 200th day; for the
decladding waste solution-cement specimen without zeolite
is from 2xlO~2 cm/d to 1.24xlO~4 cm/d (see Table 2).

-Sr-85 leachability for the evaporator concentrate-cement
specimen without zeolite is from 3xlO~3 cm/d at the first
day to 5.63xlO~6 cm/d at 200th 'day; for the decladding
waste solution-cement specimen is from 7xlO~4 cm/d to
1.6lxlO~5 cm/d (see Table 2).

-Cs-134 leachability is more higher than that of Sr-85
for both evaporator concentrate and decladding waste
solution cement specimen. This phenomenon could be
observed more clearly for the decladding waste solution-
cement specimens (see Table 2).

-At the beginning of leaching test (few weeks), Cs-134
easily leach out from decladding waste solution-cement
product than evaporator concentrate-cement product, but
Cs-134 leaching rate of decladding waste solution-cement
product decrease more fastly than evaporator concentrate-
cement pjroduct. Sr-89 has reverse leaching behavior in
two waste-cement products comparing with Cs-134 (see
Table 2).
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-The effect of additive on leachability is as follows
(see Fig.7, Fig.8, Fig.9, Fig.10):
1). Incorporation of zeolite (zeolite/cement ratio 0.20)

into the specimens has strong effect on Cs-134 and
Sr-85 leachability.

2) . Fluidity improvers have nearly no retention effect
for Cs-134 and Sr-85.

3.3. Radiation Stability of Cement-waste Products

Two types waste cementation products were gamma-
irradiated in a annular Co-60 facility at a dose rate of
20 KGy h , room temperature. The specimens were
emplaced in the centre of the annular shape Co-60
facility without any sealed vessel for holding the
specimens. In this manner, the specimens could be
irradiated at maximum dose rate of this Co-60 facility
and each specimen was situated nearly in the same
irradiation field condition (see Fig.11).

The specimens were gamma-irradiated to 1000 KGy to
simulate the total radiation dose expected from self-
irradiation near 1000-year storage period /'/.
Comparing the changes of compressive strength of
irradiated and unirradiated specimens, no adverse effects
could be ascribed to radiation (see Table 2).

95



10"

Leaching Rat« (cm/d)

Water/Cement Ratio 0.50

Salts/Cement Ratio 0.23

' i 35
Leach Tine (d)

FIG. 7. Effect of additive on 134Cs leachabiiity for evaporator
concentrate-cement product.

10

10 J

10

10 '

Leaching Rat« Coa/d)

A

O

Water/Cement Hatio 0.50
Salts/Cement Batio 0.30

Additiv«
Typ«

DH A
Zeolite

AdditiTe/Ceoent
Ratio

0.005
0.003
0.003
0.20

1 J 7 1 0 21 23 35
Leach Time (d)

FIG. 8. Effect of additive on 134Cs leachabiiity for decladding
waste solution-cement product.



10

10-2

10 '

Uachlng Rato (ca/d)

A

O

Water/Cement Ratio 0.50
Salts/Cenent Ratio 0.23

Additiv«
Typs

tic

OH A
Zeolite

Additive/C«ment
Ratio

O.C05
O.OOJ
0.003
0.20

' .5 7 10 lit

10

Wator/Cemant Batio 0.50
Salts/Cement Ratio O.JO

10
L«ach Tiao (d)

35Leach Tine (d)

\O
FIG. 9. Effect of additive on 85Sr leachability for evaporator
concentrate-cement product.

FIG. 10. Effect of additive on ^Sr leachability for decladding waste
solution-cement product.



FIG. 11. Waste cementation specimens in the centre of an annular shape 60Co facility.

3.4. Thermal Expansion, Autogenous Expansion and Wet
Expansion

Cement-waste mortar of chosen formulation (water/cement
ratio 0.5) was cast into a cylindric container (diameter
100 cm, high 300 cm) which was made of thin plated iron
sheet with 2 mm thickness rubber lining for reducing the
confinement against cement-waste product and a layer of
plastic film for keeping the bleeding water from
evaporating.

A DI-25 Type electrical resistance strain gauge was put
in the middle of the container before casting; a MA-4
Type brjLdge was used for measuring the changes of
electrical resistance. The cast specimen was sealed and
placed in a curing chamber in which the temperature was
kept to 20+1 °c. The autogenous expansion could be

98



obtained from measuring the volume changes of evaporate
concentrate-cement product is 730x10 for 3 month's
specimen and 790x10
(see Fig.12) .

-6 for half year would be expected
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FIG. 12. Curve of autogenous expansion for cement waste mortar.

After 90th day, put the specimen in a thermostat in which

the temperature could be regulated and measure the

electrical resistance at d i f ferent temperatures.

Therefore the thermal expansion of simulated cement-waste

product could be obtained. The thermal expansion

coefficient of simulated evaporator concentrate-cement

product (90 days cure) at 60°C is about 10.6xlO~6/°C

which is slight less than that of ordinary cement

(normally 10xlO~6 to 20xlO~6/°C) (see Fig.13).

After 4 months, put off the sealed lid of cast specimen,

let the bare specimen immerse in the 20°C water and

measure the wet expansion. The wet expansion of
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FIG. 13. Expansion of cemented simulated evaporator concentrate as a function of temperature.

10

FIG. 14. Curve of wet expansion of simulated evaporator concentrate-cement product.

simulated evaporator concentrate-cement product is about
55xlO~6 which is 10 times lower than that of autogenous
expansion.

3,5. Thermal Analyses

In order to assess the thermal stability of the waste-
cement products, DTA,TG measurements are performed using
aluminum oxide as reference material and programming rate
of heating 20°K/min. and maximum specimen temperature
1000°C.
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A RIGAKU PTC-10A analyzer (Japan) was used for measuring
the thermal properties (DTA,TG) of cement products. The
result can be summarized as follows:

-The specimens of pure Yong Deng 525 portland cement
product with different water/cement ratio have nearly the
same profile DTA curves, but the heights of peak at 100
to 200 °C are different. The heights depend on the
water/cement ratio. The more value of water/cement
ratios, the more higher peak it has (see Fig.15).

-The specimens which use same type of cement to solidify
simulated evaporator concentrate or decladding waste
solution have nearly the same profile DTA curves before
600 °C specimens temperature. It can be considered that
the salts have nearly no effect on the DAT property of
cement products (see Fig.16).

-Whereas the specimens which cured under the elevated
curing condition have more smooth DTA curves than under
room temperature curing condition. It can be obviously
found that the endothermic peak at 100 to 200 °C
disappears (see Fig.16).
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FIG 15 Thermal analysis of pure Yong Deng 525 Portland cement products with different
water/cement ratios
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4. CONCLUSION

The studies have produced following results:

-The water/cement, salts/cement, additive/cement ratio
and composition of waste are critical parameters, asking
for individual optimization. Following formulations are
suitable for given simulated medium level radioactive
wastes. The mortars obtained ware self-leveling, The
compressive strengths of cement-waste forms were good
enough (more than 50 Kg/cm2) for meeting the requirement
of waste disposal.

type of water/cement salts/cement additive volume
waste ratio ratio (DH4A) /cement recjuctionratio

evaporator 0.50 0.23 0.003
concentrate
decladding
waste 0.50 0.30 0.003
solution

0.6

0.6

-The hydration heat may cause temperature increase,
especially in the case of thermal insulated curing
condition. But it is not so serious that it could be a
obstacle for monolith cementation process.

-The additives are very useful for ameliorating the
workability of cement mortars. They do not cause
producing more free standing water on the surface of
mortars.

-Cs-134, Sr-85 leaching rates at 200th day for the
speciments without zeolite are 7.3x10 to 1.24x10 cm/d
and 1.61xlO~5 to 5.63xlO~6 cm/d respectively.
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-Cement-waste products studied can resist against
radiation till 1000 KGy without obvious adverse change of
compressive strength.

-The thermal expansion coefficient of simulated
evaporator concentrate-cement product is about 10.6xlO~6/°C;
wet expansion is 55xlO~6 and autogenous expansion is
730xlO~6 which is 10 times bigger than that ordinary
civil concrete.

-The salts in the waste have nearly no effect on the DTA
property of cement products.

All the results show: monolith process for immobilization
low- and intermediate-level radioactive wastes is
feasible. The optimum formations studied provide the
good workability of waste-cement mortars and the good
quality of waste-cement products which are suitable for
final disposal as a cementitious monolith form.
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EVALUATION OF WASTE FORMS-CONTAINER INTERACTIONS

L. NACHMILNER
Nuclear Research Institute,
Rez, Czechoslovakia

Abstract

The corrosion behaviour of steel containers was evaluated under
shallow ground repository conditions. It was found that internal
corrosion from the contents was the determining factor for the length of
the drum in-service life. Evaluation of leaching properties of various
waste forms showed no benefit from calcination of a liquid borate
concentrate, followed by direct cementation of the liquid, unless the
calcinate was chemically altered or stabilized by additives.

Centrifugation proved to be acceptable in terms of the accelerated
sedimentation test. It can be used for evaluation of all plastic waste
forms. The oedometric principle and equipment were applied in
determining the swelling pressure. Both methods showed that the black
coal tar binder exhibits more favourable properties than routinely used
bitumens.

1. INTRODUCTION

In Czechoslovakia, there are two waste disposal concepts under
investigation: shallow ground disposal for low- and intermediate-level
waste originating from the operations of nuclear power plants, and deep
geological disposal for the intermediate- and high-level wastes or
long-lived wastes from decommissioning. The former concept is presently
in the pre-operational licensing stage and experimental operation of a
shallow ground repository should start in 1990. The latter concept is in
the stage of planning and research and development activities; geological
investigations and preliminary siting studies are carried out in three
sites located in granitic and clay formations. The waste form evaluation
programme is being carried out for both concepts and is aimed at the
basic description of properties of new matrices and at the
characterization of the corresponding waste forms.

A typical composition of a liquid waste concentrate arising from
operation of a nuclear power plant 440 MW(e) is shown in Table 1. This
liquid concentrate is solidified either directly, using cementation or
bituminization processes, or in two steps. The first step consists of
drying and chemical alteration of the product in the rotary horizontal
equipment (calciner), while the other is based on incorporation of the
resulting powder (calcinate) into a suitable matrix. The process
requires a temperature of about 200°C. Cement and bitumen have been
chosen as_basic matrices for the solidification of the calcinate,
however, coal tars, polyester resin, and molten sulphur have been studied
as well. Galvanized steel drums of 200 L volume have been used as waste
packagings.
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TABLE 1. CHEMICAL COMPOSITION OF A TYPICAL LIQUID CONCENTRATE

Concentration
Ion g/L

Na+ 28

NO 10

Cl

C°3~

80

citrate

Note: During calcination some colloidal silica and aluminium sulphate
were added.

2. CORROSION RESISTANCE OF THE CONTAINER

To establish the waste acceptance criteria for a repository of a
shallow ground type, the ability of the container material to withstand
the internal and external corrosion had to be specified. Barrels for
encapsulation of radioactive wastes are made of carbon steel galvanized
on both sides, the thickness of which was 1.5 mm. Zinc layer is in
average of about 20nm thick.

2.1. External corrosion

Data on the atmospheric corrosion were obtained from evaluation of
many tests carried out under different conditions, all over the territory
of Czechoslovakia. Typical results are given in Table 2.

In some tests, a high zinc corrosion rate was found, especially
where moisture had condensed on surface of specimens, namely in an
environment with permanent relative humidity over 80%, and in places with
limited air circulation. The corrosion rate in these cases reached the
value of several tens of pm per year.
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TABLE 2. ZINC CORROSION OF GALVANISED STEEL TRIAL SPECIMENS AFTER 5 AND
10 YEARS EXPOSITION IN CZECHOSLOVAKIA (ym)

Type of atmosphere Outer atmosphere
5 y 10 y

In shelter atmosphere
5 y 10 y

Town, dusty

Industrial, extremely
polluted

Village, clean

10

25

4.5

25

51

8.8

6.

17.

1.

2

5

7

10

27

2.8

E Q U I L I B R I U M WEIGHT MICROMETER

FIG. 1: PRINCIPLE OF OEDOMETRIC APPARATUS

Carbon steel is not as sensitive to air humidity as zinc, but any
cyclic contact with water can accelerate corrosion rates to many tens of
um annually.

2.2. Internal corrosion

The attack on internal walls of the container can be controlled by
the quality of chemicals contained in the waste product, the pH value
(see Fig.7), the electrochemical corrosion of other metals, the presence
of free water, especially if it contains dissolved oxygen, and so on. As
the radioactive waste represents a system, which is chemically variable,
the inhibition and promotion effects of waste components can only be
studied by means of simulation tests.
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The arrangement of simulation tests was simple. Three metal plates
(of an area of about 1.5 dm ) were inserted into the sealed container
and partially immersed into a tested medium. After several months of
exposure, the conditions of" the specimens were evaluated visually and
shortage of metal thickness was measured. Where any larger areas of
corrosion occurred, the corroded products were chemically analyzed to
identify the responsible chemical reaction.
2.3. Conclusions

Internal corrosion due to the drum contents is the factor governing
the length of the drum in-service life. It is influenced by humidity of
the wastes, pH value, homogeneity and the composition of the waste
product.

External corrosion of the galvanized steel drums stored under dry
conditions, i.e. protected from any contact with water, was found to be
several urn per year. In the humid environment, it can increase by one
or two orders of magnitude.

If a longer in-service life of drums is required, such as several
decades, their surface must be covered by an appropriate layer of a
protective material, e.g. by polyethylene foil or by painting.

3. EVALUATION OF IMMOBILIZED CALCINATES

The two-stage calcination process may offer some advantages over a
direct solidification of the liquid concentrate. Czechoslovak waste
producers have focused their attention above all on bitumen and cement,
however, molten sulphur, coal tar, and polyester resins have been checked
as well. For evaluation of their basic properties, the following methods
were used.

3.1. Compressive strength

Cylindrical specimens having dimensions of 45X40 mm were compressed
in an apparatus which enabled an increase of strength at a constant rate,
until they were crushed. The level of strength reached was recorded.
Each set consisted of three specimens which were prepared in parallel,
and as a result, the average value was used for further evaluation.
3.2. Leachability

Two methods were used for the determination of the leaching rate:
an immersion test without change of the leachant, which seemed to be
irreplaceable for non-monolithic waste forms (calcinate, ash, etc.), and
another one, based on ISO 6961 methodology. If possible, the tested
specimens should have a cylindrical shape measuring 45X40 mm (dimensions
of 100 mL polyethylene jar). in both cases demineralized water was used
as leachant.

3.3. Leaching of unsettled cementitious waste form

To comply with the Czechoslovak regulation for acceptance of
wastes, all radioactive wastes must undertake a leach test prior to
disposal. In the case of cement itious products, the required 28 days
setting interval may bring some inconvenience, such as a need of
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enlargement of the storage capacity. Two directions of investigation
were followed to avoid this problem:

(i) Accelerated setting of specimens by means of higher temperature:
after curing the product for one day at 80°C, the leach test may
start two days after mixing the cement grout

(ii) Experimental correction of leaching curves: starting point of
leaching is at least 10 days after preparation of a grout, provided
that the product is hard.

3.4. Water adsorption

Water adsorption by product specimens was measured simultaneously
with the leaching tests. This may bring some information on possible
mechanisms of the radionuclide release from the changed matrix due to
diffusion, convection, and/or dissolution. Water content in the
specimens was determined by weighting.

3.5. Grain-size analysis

To characterize any polydispersion, the granulometric analysis had
to be performed. Common set of sieves was used for this purpose to
separate calcinate particles with a diameter of above 63um. The
remainder was analyzed with the use of GRIMM laser apparatus for
measurements of grain and aerosol sizes.

3.6. Swelling pressure

Some matrices, if contacted with water, can swell and enlarge their
volumes, thus resulting in a damage of their packagings, or deterioration
of other engineered barriers.

A measure of this effect is the swelling pressure. This parameter
was determined by the oedometric method in an apparatus, which consisted
of a steel cylindrical mould, in which a waste form specimen was closed
between two glass fritter discs (see Fig.l). The mould together with the
bottom disc were mounted to a chamber filled with water. Any change of
the waste volume was recorded by the upper movable disc and one arm of
balance by micrometer. The volume growth was eliminated by the weight of
the same arm. The swelling pressure was calculated from the weight value
and from the contacted surface of the waste specimen.

3.7. Accelerated sedimentation

Calcinate, incorporated into plastic binders (bitumen) can settle
down after some longer periods of the final disposal. This phenomenon is
accompanied by an increase of leach rate, radiation deterioration of the
matrix, larger swelling potential, or even dilapidation of the waste form.

The long term sedimentation is simulated by centrifugation, the
time of which is established on the basis of an assumption of equality of
multiple centrifugal and gravitational forces and their action periods,
according to the following equations:
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tc X a = td X g
a = w2 X r
w = 2ir X n

4ir2 x r n2

t = K x -fc c 2n

where
tc is the time of centrifugation,
tçj is the time of disposal,
a is the acceleration of centrifugation,
g is the acceleration of gravity,
w is the angle velocity,
r is the centrifugation radius,
n is the cycle frequency, and
Kc is the constant typical for a particular centrifuge.

After centrifugation, the trial probes were cut into three pieces,
the bottom, the central part and the top one. Each part was analyzed
separately. The determined properties were: the calcinate content, its
grain-size distribution, the leachability, and rheological
characteristics.

4. CONCLUSIONS

When comparing the relationship between the leachability and the
compressive strength, the cementitious specimens showed a decrease of
leach rate with increasing stability of the product.

The grain size of a calcinate incorporated into cement influenced
both the leachability and the compressive strength of the product. In
connection with the solubility of the calcinate, the opposite trends were
Eound: the decrease and increase of compressive strength with raising
diameter of particles (see Fig.8). This difference can be explained by:

(i) the reduction of the specific area of calcinate particles, which is
accompanied by lowering the phase mass transfer, which is valid for
soluble calcinate and growing firmness

(ii) formation of large microcaverns during the setting period, due to
stabilized calcinate and falling firmness.

An evaluation of retention capability of different calcinate
containing matrices during their contact with water led to the following
conclusions :

(a) solubility of the calcinate was the determining factor regarding
the leachability of most waste forms, irrespective to the type of
the _binder ;

(b) stabilization of calcinate during the calcination process, both
chemical and physical, by addition of sorbents (such as
nickel-ferrocyanate) caused a reduction of calcinate influence on
the leach rate of various radionuclides; leachability was then
controlled by the properties of the matrix material;
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(c) leachability of the tested matrices decreased in the following
sequence: molten sulphur » bitumen and tar > epoxy resin;

(d) leach test was the essential, simple and complex method useful for
a preliminary selection of matrices for encapsulation of calcined
wastes, but chosen waste forms had to be further more thoroughly
characterized, in order to document sophistically their
acceptability for neutralization of liquid radioactive waste;

(e) high solubility calcinate, fixed by cement, behaved similarly to
the product obtained by a direct cementation of the original
concentrate; in this case the calcination step was ineffective and
thus useless.

Leaching test of the cemented waste form could start already two
days after mixing the cement grout, in the case where the specimens were
normally cured. The hardened specimens without thermal curing could be
leached only ten days after their preparation, if high precision of the
test in the start-up interval were not required and the empirical
correction were applied. The deviations ranged from 60% rel. immediately
after start-up to 10% rel. after one month.

For a qualitative decision about the mechanism of release of
radionuclides from the waste form, the adsorption of water should be
evaluated in connection with leachability. High leach rate and low water
ingress into the matrix indicate dissolution of the waste form, while the
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opposite levels correspond rather to the diffusion mechanism. High-high
or low-low levels of both phenomena might be caused by convection. The
normal water adsorption by the cementitious products was about 2-3 wt.%.
It should be emphasized, however, that above mentioned evaluation is
rather rough and its conclusions should be confirmed by another method.

The oedometric method proved as suitable for the determination of
the swelling pressure of the waste forms or pure binders. A comparison
of black coal tar and the bitumen mixtures with calcinate demonstrated
higher resistance of the former to water attack, as swelling of tar had
not practically occurred. Both pure binders had not swollen as well (see
Fig.6). This can be understood as evidence that the range of swelling
depends mainly on the quality of the matrix material.

Centrifugation method is applicable for the assessment of long term
sedimentation of waste particles in the bitumens and tars. Nevertheless,
some limitations have been identified in the course of experiments.

The temperature increase during testing can change the results
significantly. This has been eliminated semi-empirically, taking into
account a presumption of proportionality between the ratios of the
centrifugation time and the penetration constant at different
temperatures. The temperature constants have been determined for
temperature typical for the proposed repository (13°C) as well as for
that in the centrifuge during the test (35°C). As they differed by a
factor of four, the centrifugation was shortened by the same factor.

Fig. 2 shows another feature: the largest particles were destroyed
in the course of centrifugation. This effect was due to high centrifugal
forces and it can be hardly anticipated that this could happen during a
long term gravitational setting down. Another interesting finding was a
change of grain size distribution following the calcinate fixation
process. This depended highly on the type of mixer, stirrer
construction, agitation time, temperature, etc. The leaching curves and
the rheological characteristics documented the impact of the calcinate
sedimentation process on the product quality (see Figs.3-5 and Table 3).
The influence of the above-mentioned changes in the grain size was
quantified, however.

The centrifugation method in connection with evaluation of the
processed product can be used for selection of a proper matrix system.
In this case, comparison of bitumen and tar showed some advantages over
the latter. At the same time, the method used confirmed that the
resulting product quality depends largely on the properties of various
waste components. Soluble calcinate exhibited extremely high
leachability, even if fixed into bitumen or tar. The values found were
specifically for cementitious binders.

Sedimentation of low radioactive calcinate particles was determined
by a rather elaborate process which, however, brought more complex
information on the tested waste forms. The vertical distribution of
higher active waste particles can be more easily established by using a
colimator to measure dose rates.

The described method was used for specification of the behaviour of
calcinate particles in both, tar and bituminous matrices. It is supposed
that il will be applicable to any waste form incorporated into the
plastic binder, that is to say that evaporated concentrate, ash, ion
exchange resins, and other materials can be evaluated as well.
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TABLE 3. RESULTS OF ACCELERATED SEDIMENTATION TESTS

Waste characteristic

A80 + 50% calc. 0 y
top part
central part
bottom part

A80 + 50% calc. , 150 y
top part
central part
bottom part

A80 + 50% calc. , 300 y
top part
central part
bottom part

Softening
point (°C)

58

50.2
59.0
67.5

49.0
61.0
69.5

Penetration Calcinate
(0.1 mm) (%)

45 48.2
48.5
51.5

90 37.1
39.5 46.4
25 64.0

89 25.0
40 33.8
20 69.0

A80 45 110

E80 81

E80 + 50% calc., 0 y
top part
central part
bottom part

49.5
51.0
49.5

A80 bitumen E80 - black coal tar
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EVALUATION OF WASTE FORMS AND PACKAGES
FROM THE PAKS NUCLEAR POWER PLANT

J. OZORAI, F. TAKATS
ERÖTERV,
Budapest, Hungary

Abstract

Both technical and political problems of final radioactive waste disposal
generated by the four units of the Paks Nuclear Power Plant in Hungary are
discussed. Selection process for radioactive waste treatment and conditioning
techniques, equipment, design and operation of repository and environmental
protection measures are described. The valuable information obtained is to be
used in safety assessment of the radioactive waste repository.

Introduction

Initially the Research Contract 4244 was concluded with the
IAEA to report the progress made during the selection of the
Final Radioactive Waste Repository for the Paks NPP i.e. for the
Final Waste Repository for the Hungarian Power Industry.

During this period series of investigations were initiated
and started to prove the adequacy of the site to the waste
disposal technology.

Unfortunately a political movement coupled with other i-ssues
of local character was started against the Project, which
resulted in a difficult legal and administrative situation and
finally led to a decision of the responsible Ministry to revoke
the Site License and to order to stop the work.

During this period we reported our investigations also to
IAEA Missions organized in the framework of the WAMAP Program.
Recommendations, made by the experts were incorporated in the
investigation program and discussed at some stages with experts
from different countries also. The general conclusions were that
the basic disposal technology and the safety of the final
disposal are of satisfactory quality satisfying the requirements
of the international standards or guidelines.

At present we are fighting the unfavorable decision but it
can be expected that the people living in the area will try to
enforce this decision which makes it necessary for the utility to
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start a brand new site selection taking into account the lessons
learned during this work especially what concerns new public
relation approaches.

In this material we are publishing some results of
investigations performed so far. They serve as- background
material for the licensing process and/or as data for the design
process. In case the site approval process ends unfavorably for
us they will be used in our future work.

1. Waste characteristics

The amount of wastes subject to the planned disposal
operation is summarized in Table N° 1 and Fig 1.

Table 1.

Waste amounts for the normal operation of Units 1_ to 4_
p_f NPP Paks

Yearly amount for 4 Units
Waste type _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ — _ _ _ _ _ _ _ _ _ _

design basis operational fact

1.
2.
3.
4.
5.

6.
7.
8.

Cemented ion exchange resins
Cemented evaporator bottom
Medium-level solid waste
Compacted low-level solid waste
Uncompact ible low-level solid
waste
Cemented sludges
Aerosol filters
Iodine filters

160
800
210
68

80
16
120
36,

m3 15 m3
m3 360 m3
m3

m3 160 m3 *

m3
m3
m3 75 m3
5 m3

* In case of disposal without compacting

122



54%

14%

14%

by volume

50%

Cemented i/x resins

Cemented brine

ML solid waste

LL compacted waste

/v LL uncompactible

Cemented sludges

Aerosol filters

Iodine filters

The rest

Fig 1. Distribution of the amount and
activity of the wastes

Operating experience has so far proved that due to the good
quality of fuel elements max. 1 or 2 cases of small gas leakages
per campaign practically occur. So the actual fission activity of
coolant in the primary circuit is 2 or 3 orders of magnitude
lower than the value estimated at the design phase.

In the NPP Paks the conditioning of liquid radioactive
wastes, is by embedding in cement. The brine remaining after the
evaporation of waste waters or drainages, the sludges with a
considerable suspended matter content and the spent ion exchange
resins are all processed by this method. Cementing is performed
with a MOWA equipment supplied by the West-German company NUKEM.
Evaporator bottoms and sludges are cemented in 400 1 while, the
spent ion exchange resins in 200 1 steel drums. The structure and
the typical_ dimensions of drums can be seen in Figure 2.

Spent ion exchange resins come to be cemented after min. 5
r>years of decay storage so that 91 dm resin goes into one drum

oi.e. into 0,18 m final product. The water/cement ratio is 0,32.
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Fig 2: Design and dimensions of 400 and 2001 drums

The final product obtained from the evaporator bottom
(filled in 400 1 drums) has a 14,7 % salinity the solution amount
required for its preparation is determined so that water/cement
ratio should be 0,53. This way one drum will contain some 90 kg
inactive—salt.

The strength of the cemented liquid waste according to the
NUKEM guarantee is as follows:

o- for ion exchange resins 35-55 N/mm
- for evaporator bottoms 45-65 N/mm'
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The activity content calculated for the 400 and 200 1 drums
is shown in Tables N° 2 and N° 3 respectively.

Table N° 2,
Activity concentration of evaporator bottoms cemented

in 400 1 drums

Isotope Half-life Activity MBq/drum Concentration kBq/kg

design operational design operational
basis fact basis fact

H-3
Mn-54
Fe-55
Co-58
Co-60
Sr-90
Ag-110m
Sb-124
Cs-134
Cs-137

12
291

2
71
5
28

253
60
2

30

,26 a
d
, 6 a
,3 d
,27 a
a
d.
,9 d
,2 a
a

2

2
1
2

1
2

,54x10

,83x10
,93x10
,89x10
-
-

,40x10
,72x10

1

1
3
1

2
3

1

1
5

1
7
3
1

-
,80
-
,18
,03
-
,22xl01
»ISxlO'1
,55
,86

3

4
2
4

.74X101

.ISxlO1
,84xl03
.25X101

2

1
7

—
,64
-
,73
,39
-

1.79X101

2
4

-
,06xl02
,00xl03

1
5
2

,05
,22
,74

Table N° 3.
Activity of cemented ion exchange resins

Isotope

H-3
Mn-54
Fe-55
Co-60
Sr-
Cs-
Cs-

90
134
137

Half-life

12
291

2
5

28
2

30

,26 a
d

, 6 a
,27 a

,2 a
a

Activity Concentration
MBq/drum kBq/kg

7
2
2
2
1
4
8

,68
,12
,28xl03
,02xl03
,01xl02
,34xl02
,96xl04

2
5
6
5
2
1
2

,17x1
, 98
,45x1

0

0
,71x10
,85x1
,23x1

0
0

,53x10

1

3
3
2
3
5

Total 9,44x10
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The estimated distribution of solid wastes by percent on the
basis of operating data till now, is the following:

- plastic 35 %
- metal 25 %
- textile 15 %
- heat insulation

materials 10 %
- rubber 5 %
- wood 5 %
- paper 4 %
- glass 1 %

Serving for the accumulation of solid wastes is either a
50 1 welded polyethylene bag of 0,7 mm wall thickness with
dimensions of 105 x 60 cm or a 200 1 metal drum of 0,7 mm wall
thickness provided with a patent locked cover and outside
painting. The low-level and soft wastes are predominantly
collected in the polyethylene bags, while the wastes with higher
activity or those from metal or with sharp edges are collected in
the drums.

The compactible solid wastes in the bags are pressed. The
compactible part is removed in 200 1 steel drums following the
procedure. Further on this drum can be considered as package and
transport unit.

The package of cemented liquid wastes is a 400 1 or a 200 1
drum resp. Its material is A38B steel protected from outside
against corrosion by a two-layer Epoflex VD epoxy-paint coating.
The drums have a gas-tight closing.

2. Design of final repository

Serving for the disposal of processed (solidified,
compacted) and packed at the nuclear power station radioactive
wastes are the reinforced concrete cells of 7,8 x 8,9 x 12,65 m
inside dimensions, situated in trench-like arrangement. The
layout of_ reinforced concrete trenches, serving for disposal, can
be seen together with the other service establishments in
Figure 3.
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Legend:

1-Central building
2 -Was te storage trenches
3-Rainwater control
4-Concre te pump washer
5-Fi re water pool
6-Communal sewage pit
7-Communication tower
8-Watch towers
9-Precipi tat ion draining

Fig. 3.: Layout of final repository

Considering a. waste amount from 10 years of operation, 48
cells are required as a basic investment project, which are
arranged in three identical strips. So the 16 cells in each strip
make up an abt. 20 x 68 m block. The filling of cells is
performed in layers. The following waste quantities can go in one
layer :
- 95 pcs 400 1 or 138 pcs 200 1 drums in triangular

arrangement, ensuring & location accuracy of +. 5 cm,
- 39 pcs iodine filters in triangular arrangement with +_ 5 cm

location accuracy,
- 54 pcs wooden boxes, housing aerosol filters, the distance

between the boxes being 10 cm in each direction.
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When a layer becomes full, the space between the packages
will be filled up with concrete of adequate composition and above
it a further 10-15 cm thick compensating concrete layer will be
created. After the so called receiving surface has become hard,
the loading of the next layer can be started. In case if any cell
becomes full, a min. 50 cm closing concrete layer is filled onto
the upper section that will provide the necessary radiation
protection during the operation of the facility.

o25-30 m concrete is required for the space-filling of each
layer.

Beneath the min. 50 cm closing layer, considering also the
compensating concrete layers,

10 layers of 400 1 drums, or
12 layers of 200 1 drums, or
13 layers of iodine filters, or
15 layers of packages housing aerosol filters can be

enclosed in each cell.
Excavation in the course of so called box sinking would

disturb the soil in abt. 5-6 m depth under the base slab. So, if
necessary, there is also a possibility of "building in"
(developing) geochemical barriers beneath the trenches. At the
box sinking, according to information obtained from the
contractor, the surrounding soil is damaged to 15-25 -cm
(cracking) in horizontal direction.

Since bentonite emulsion is used for the sinking as
"lubricant", this will fill up the cracking, so an additive
geochemical barrier is formed along the side walls of the
disposal trenches.

Separation inside the trenches is ensured by 50 cm thick
walls. The 7,8x8,9x12,65 m cells so established will be provided
with independent water proofing. That means a 4 mm thick, welded
carton steel plate covering, also developed over the 50 cm
closing layer after the cell has been filled. The steel plate
insulation is covered from the inner surfaces by a several
centimeters thick concrete layer, protecting it against
atmospheric corrosion.

The — waste storage cells and the inner road system to be
constructed for their attendance would cover the greatest part
(circ. 80 %) of the so called controlled operation zone surface,
this way making precipitation infiltration on the operating area
impossible.
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To control the precipitation flowing from the area, 2 pits
have been established from which water can be let, after the
dosimetric measurement, into the receptacle ( onto the watershed
of nearest brook some 150 m from the operating area ).

After the storage strips have become full the final covering
should be prepared which consists of two main parts: the concrete
covering and the earth capping. On the basis of our former tests
and the international experience we have assumed a circa 6 m
thick final earth capping of a structure illustrated in Figure 4,
for which both the structure and the thickness of individual
layers will be defined more precisely in the phase of detailed
designing. The final earth capping can join the root point of the
slope, rendering a natural hillside, at half of the bank slope.

Cropland 1.0-1.5 m
Silty sand 1.0-l.Sm

Drainage layer 0.3-0.'i m

Water sealing clay 2.7-3,Om

Concrete covering 0,2m

Steel plate insulation

1m thick clay layer

8,90
50

8,90 I. I 70

Fig t* Proposed format ion of the final ea r t h capping
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We specify this as a requirement based on the seismic slope
stability analyses.

In the course of the so called institutional control of the
project (i.e. when no more waste disposal in performed, and the
utilization of the area is restricted ) we can reckon with the
afforestation of the surface and the environment on the one hand,
and the maintenance of surface drainage system in compliance with
natural circumstances, on the other.

At the safety assessment we use the here outlined artificial
barriers and basic data as data input.

3. Characterization of man-made barriers

In compliance with research plan for long-range isotope
transport, approved in 1984, the following groups of
investigation are being carried out:

- leaching measurements under static and dynamic conditions
with the help of active samples, modeling the wastes of Paks
embedded in cement;

- establishing the isotope absorbing capability of inactive space
filling- and structural concrete;

- examining the material transport by diffusion, realized in
the space filling and structural concrete.

The most significant activity of the stored waste is
contained in spent ion exchange resins. So also with leaching
experiments, the first task was to characterize the activity
released from the ion exchange resins embedded in cement.

The sample bodies required for the tests were "soaked" in
ion exchanged water. In the course of static experiments, from

othe 750 m of water just sample was taken while in "dynamic"
measurements after the sampling required for activity
measurement also the total water volume was exchanged for fresh
ion-exchanged water.

i o i o + —The measurements were performed with Cs , Sr , Co ,1
isotopes and water containing tritium ( in HTO form ).

According to the evaluation method for leaching tests,
proposed also by the IAEA, the aim is to establish from the
results the mass conduction - or apparent diffusion factor
characterizing the cement matrix.
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f} t J_In the case of cations (Sr , Cs ) 2 separate phases are to
be observed, which can possibly account for the quick emptying of
near-surface layers and, subsequently, for diffusion within the
sample becoming dominant. According to the IAEA recommendations,
we ought to work in our further analyses with values
characteristic of the pore diffusion range. We, however, - with a
view to increase conservatism - used the higher derived diffusion
factor (i.e. the one characteristic of the initial conditions).
This is summarized in Table N° 4.

Table N° 4

Review of d i f fus ion factors obtained from
leaching measurements

oIsotope Diffusion factor, m /a

For the surface layer For inner diffusion

85Sr 7.9xlO~7 6.6xlO~10
125I 5.0xlO~8
131Cs 2.2xlO~5 4.3xl(T8
HTO 1.6xlO~4 4.4xlCT5

On the prepared samples of space-filling concrete
identically with the method of soil tests - the distribution
factors were measured for various solid-liquid phase ratios. The
measured values are yielded by Table N° 5.

Table N° 5
Distribution factors measured on samples

Solid/liquid
phase ratio -

g/cm3

1:2 __
1:4
1:7
1:10

modeling

Co2 +

0,119
0,532
5,825
3, 137

t space-fill

Distribution

Sr"

0,048
0,275
0,352
0,712

concrete ( Kd )

factor (m3/kg;

i-
- 0,0004
0,0003

- 0,0001
0,0014

)

OS*

0,003
0,026
0,032
0,033
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On the basis of the results, 2 important conclusions can be
drawn: iodine (anion) is ether not absorbed in the space-filling
concrete at all, or its absorption is several orders of magnitude
lower than that of cations. This is indicated by the fact that in
2 cases the distribution factor was found negative because of the
variance of activity measurement. The other conclusion is that
Cs gets absorbed in concrete at least an order of magnitude

o .worse than Sr (on soil samples it is just the other way round).

The minimum wall thickness of steal drums serving for the
packing of wastes is 1.5 mm. Corrosion rates measured on carbon

osteel samples in water medium ranged from 0.01 to 0.5 g/m /day.
Disregarding the fact that the external drum surface is even
protected against corrosion with a coat of paint and that at a
value of p,, = 10-ll - characteristic in concrete - carbon steel is
passivated, from the maximum corrosion rate a thickness reduction
of 0.023 mm/year is obtained. So, with a steady corrosion, 64
years would be needed before the wall is ruined. If choosing 0.1

og/m /d as a corrosion rate, that can be considered the mean value
between the two extremes, then the ruin of steel drums can only
be expected after 320 years. A similar calculation performed on
the 4 mm thick steel plate water insulation would yield 171 years
for the earliest damage of storage cells' water insulation, and
855 years as the mean value.

The characteristics of concrete {and cement stone) for
isotope transport cannot be regarded as constant in time. In the
distant future the possible cracking of concrete, the decrease of
its mechanical strength and also its weathering must be reckoned
with. For the time being, neither the precise description nor the
quantitative characteristics of these processes are available for
us.

The degrading of concrete - due to its frequent application
in radioactive waste disposal - features a significant element of
uncertainty in the analyses. Therefore, premature concretes made
of portland cement were examined by researchers with special
consideration. According to the results, the change of concrete
characteristics can be described with a time constant of abt 80
to 100 years, so every such period the duplication of surface
available for leaching can be expected.
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For lack of domestic measurements and results, with our own
studies we have used both degradation time constants, 80 years
and 50 years. The source intensity curves so obtained can be seen
in Figure 5.

10
100 zoo 300 too S 00

Fig 5: 137
Cs release from the s to rage cell filled up with
cemented ion exchange resins, supposing various
time constant 's | T 0 ) of conc re te degradation
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Conclusions

During the investigations very valuable information was
achieved for the calculation of the safety characteristics of the
final disposal. These results will serve either during the
licensing procedure or, in the case of a negative political
decision in a new site selection.

On the basis of recommendations of various experts and
according to our initial research schedules the following main
tasks are performed:
- investigations to define better the efficiency of various
elements of the disposal geometry and to evaluate their role in
the retention of any escaping activity,

- final seismic characterization of the site,
- investigations to better define the groundwater
characteristics,

- evaluation of post closure efficiency.
Using the achieved data we prepared the Safety Analysis

Report of the final disposal, the results of the source term
calculations mentioned in the Report were used here.

If the site selection process has to be repeated, than in a
new process various disposal options and locations have to be
evaluated using risk assessment and cost - benefit methods also.
Such a situation requires further development of methods and of
the data base.
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SUMMARY OF PROGRAMME RESULTS

Research Institute:EROTERV -Power Station and Network Engineering
Company Budapest/Hungary

Chief Sc.Investigator:Ferenc TAKÄTS (between Nov.1985 - Aug.1988)
Jânos OZORAI (between Aug.1988 - Nov.1989)

Contract No.:4244/RB/Rl-R3
Time Period: 01. November, 1985 - 30. November, 1989
Scientific background:For the disposal of the radioactive wastes

generated by 4 units of the Paks Nuclear Power Plant the
selection of a site was necessary. Hungary has no experience
in such a procedure and with the growing environmental
consciousness a theoretically sound an'd internationally
acknowledged process is necessary. The cooperation in this
CRP gave the chance to learn in depth the various practices
of different countries and to consult with experts in- this
field during the process.

Results achieved:- the efficiency of various elements of the
disposal geometry and their role in the retention of any
escaping activity could be defined better,

- during the program it was possible to better define the
groundwater characteristics and the characteristics of the
site using the so called lysimetric investigation,

- the post closure efficiency was evaluated.
Some specific aspects worth mentioning:

a/ during the cementation process cations absorbed on the ion
- exchange resins are mobilized by the excess Ca necessary
for cement - stone formation. Further development is needed in
pretreatment technology to avoid unnecessary high leaching rate
values ;

b/ cation Sorption for relevant nuclides ( Sr ,Cs ) is
balanced taking into account geological environment and man-
made barriers based on concrete, i.e. sorption of Cs is higher
in concrete pores, than sorption of Sr , while on ground
samples there is an apparent relationship;
c/ mobility of tritium ( or HTO ) in cement and concrete is

high ( there is only a retention one or two orders of magnitude
compared to free solutions ), so tritium escape from the
repository can be limited only by packing tightness or by a
highly water and vapor resistant isolation if necessary.
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Participant Waste charac-
teristics

Waste form
composition

Measured
properties

Waste
package

Disposal
concept

ERÖTERV LL and IL so-
(Power Station lid wastes
and Network
Eng. Co.)
Hungary

35 % plastic
25 % metal
15 % textile

Dose rate on
the surface
and on l m

10 % th.isolation distance;
materials Mass of

5 % rubber packages;
5 % wood
3 % construction

materials
1 % paper
1 % glass
max. 37 MBq/kg

200 1 Shallow land disposal
drums in the engineered fa-

(compacted, cility (concrete
where it is trenches, steel
applicable) lining for ground-

water isolation,
concrete filling
between the packages)

Aerosol filters max. 8.7 GBq/m3
(IL solid waste)

transport
in wooden
case or
plastic bag

Iodine filters activated carbon
(IL solid waste) max. 0.94 GBq/m3

Carbon steel
tank



Spent ion-exch.
resins
(IL and LL
liquid wastes)

polistirol based Isotope spectrum
organic comp. Dose rate on the
91 1 of bulk vo- surface and on
lume, embedded l m distance
into cement. Weight of packages
Total volume
180 1
w/c=0.32

400 1
drums

CD

T3
S)
(Q
CD

CD"
CT
S)

Evaporator
bottoms
(LL and IL
liquid wastes)

Solution of
borates, alkali-
ions, nitrats
TDS=350-450 g/kg
pH=ll-12
embedded into
cement.
The cemented
product has 14.7 %
salt content.
w/c=0.53

400 1
drums

OJ



EVALUATION OF LONG-TERM DURABILITY OF
LOW-AND INTERMEDIATE-LEVEL WASTE PACKAGINGS

W. HAUSER, R. KÖSTER
Institut für Nukleare Entsorgungstechnik,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

Low and intermediate-level wastes with negligible heat release will be
disposed of in the abandoned iron ore mine Konrad in the Federal Republic of
Germany. This repository is in the licensing procedure, operation start up is
scheduled in the early nineteens. Painted steel sheet containers, concrete
containers and high-integrity casks are foreseen as main packaging types.

Considering the disposal of the waste packages which were conditioned years
ago, interim storage periods up to 20 years have to be considered. During this
period, during transport, and in the operation phase of the repository, the
integrity of the packagings must be guarantied. Therefore, special attention has
to be paid to the stability against corrosion of the packaging material.

In this paper, corrosion studies on epoxy resin coated and uncoated carbon
steel specimens are described. This material represents the most common
container material. Different types of specimens were stored for six and twelve
months, both in waste form simulates and under simulated conditions of an
interim storage above ground and of repositories according the German concepts.
This was done in order to assess internal and external container corrosion.

INTRODUCTION

In many countries low and medium-level radioactive wastes are conditioned
into painted containers which consist of low carbon steels as main canister
material. In most cases cement is used as the solidification material.

The paint coated steel canisters serve as unshielded packagings for low-
level wastes (LLW) during interim storage, transport and disposal. Medium-level
wastes (MLW) which are conditioned into steel canisters have to be additionally
shielded by concrete or cast iron to reduce the radiation level. In the past,
cylindrical drums with 200 or 400 litres volume have been used as single-waste
packagings. The increasing waste amount was an incentive to package bigger waste
quantities into shipping containers with larger volumes.

Considering the licensing situation for the projected repositories Konrad
Iron Ore Mine and Gorleben salt dome, a period of at least 10 to 20 years must
be anticipated for interim storage above ground. During this period, during
transport and in the operation phase of the repository, the integrity of the
waste packagings must be guarantied. This results in requirements for the
packagings considering their mechanical (e.g. for stocking), their thermal (e.g.
behaviour during fire exposure) and their chemical stability (e.g. corrosion
behaviour). This means that holes In the packagings caused by corrosion attack
on the canister material have certainly to be avoided. Therefore, special
attention must be paid to the corrosion behaviour, especially of the metallic
packaging materials.

The long-term corrosion behaviour of high-integrity cast Iron casks has been
discussed earlier (1). In this paper investigations on corrosion of paint coated
steel containers during interim storage and disposal are presented. In the
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investigations design details as well as damage due to handling have been
regarded to get a valuation of the container lifetime corresponding to corrosion
attack on the inner and the outer side.

LLW/MLW STEEL SHEET PACKAGINGS

In the Federal Republic of Germany 200 litre, 400 litre steel drums and
different types of steel containers are used for packaging of LLW/MLW.
Considering the future disposal in the abandoned iron ore mine Konrad, only
standardized packagings will be accepted. The main types are shipping containers
accommodating waste form volumes of about 4 to 11 m (2).

As an example Fig.l illustrates a 7 m steel container which is used in the
Karlsruhe Nuclear Research Centre (KfK). This container can be loaded with 14
waste drums, each 200 litre volume. During storage up to 8 containers can be
stacked. For stabilization a welded steel structure is provided inside. For
handling standardized fittings are applied at the edges. The outer steel shell
consists of a 3 mm (bottom 5 mm) low carbon steel which is epoxy resin coated at
the inner and the outer side. The standard outer dimensions are 1.4 x 1.7 x 3 m.

FIG 1 KfK steel container containing 200 L waste drums

EXPERIMENTAL

The investigations were performed using steel sheet specimens which consist
of the same low carbon steel USt 1203 (DIN (3) material No 1.0330) as In the
case of waste drums and shipping containers. A typical composition of the
material Is: C < 0.1, SI traces, Mn 0.2-0.45, P < 0.035, S < 0.035, N < 0 035
wt.%, base Fe. Before the application of the coating and the immersion the
surface of the specimens was cleaned with steel grout. In the Investigations
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design details of the packagings, e.g. roundings, screwed connections, gaps,
welded seams as well as damage due to handling (cracks, scratches in the paint
coating) were taken into account.

Following types of steel sheet specimens were selected: (a) uncoated samples
1.5 x 100 x 200 mm, (b) uncoated samples 1.5 x 100 x 200 mm with bend and welded
seam, (c) uncoated sandwich samples consisting of two chips 1.5 x 50 x 100 mm
which were screwed together; between the chips a Zn-wire is inserted, (d) paint
coated samples 1.5 x 100 x 200 mm which were coated on both sides and applied
with a defined scratch on one side according DIN 53 167 (3).

For the paint coated samples the same coating system was used as applied to
waste drums and steel containers. It is a three layer epoxy resin coating with a
total thickness of about 150 microns (German trade name GEHOPON-EX). The
selection of this coating system was made in 1981. It was based on a short-term
test programme (4) and long-term corrosion tests (5,6).

Three samples of each type were taken for each corrosion medium and each
test duration. The samples were exposed for 6 and 12 months using test
conditions which simulate internal and external canister corrosion.

Table I gives an overview of the simulated waste types, the conditions for

TABLE I
Test conditions for simulation of internal and external container corrosion

Waste Forms,
Interim Storage,
Disposal Conditions

Testing Conditions
Temp. Corrosion Media

Cemented Waste Form
(OPC35F, W/C = 0.4)

Cemented Waste Form
(OPC35F, W/C = 0.4)
nitrate loaded

22 deg.C,
50 deg.C

22 deg.C,
50 deg.C

aqueous solution of OPC 35F, pH -12,
oxigen-content —6 mg/1

as above, but 30 wt.% NaNO3, pH -11,
oxigen-content —5 mg/1

Interim Storage
(roof covered air space)

ventilated gallery
in a salt repository

quinary salt brine

non-ventilated gallery in
Konrad Iron Ore Mine

deep ground water
from Konrad Mine

average
-9 deg.C

32 deg.C

50 deg.C

42 deg.C

50 deg.C

in-situ test at KfK-site, relative
humidity -80 %

in-situ test at -775 m level of
Asse Salt Mine, relative humidity —30%

saturated salt brine (1),
oxigen-content —3 mg/1, pH —5

in-situ test at -1250 m level of
Konrad Mine, relative humidity ~80%

deep ground water (2),
oxigen-content ~5 mg/1, pH —6

(1) Quinary salt brine (Type Q) :
^87 g/i, Na+ 7.6 g/1, K+ 24.3 g/1

Cf 270.2 g/1, 804" 23.7 g/1

(2) Main components of deep ground water from Konrad Mine :
Mg2+ 2.38 g/1, Na+ 64.5 g/1, Ca2+ 13.5 g/1
Cl" 130g/l, SO2; 0.73 g/1
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interim storage above ground, the disposal conditions in a salt dome and the
abandoned iron ore mine Konrad and the corresponding test conditions. In case of
internal canister corrosion the samples were stored in aqueous solutions of
Ordinary Portland Cement (OPC) using closed glass containers. Nearly all tests
for the description of external canister corrosion were made under in-situ
conditions. In case of disposal a distinction was made between disposing of the
canisters in galleries and contact of the canisters with saline waters as
postulated in accident scenarios. The samples were immersed at different
temperatures according the interim storage and disposal concepts.

After the immersion, the samples were removed from the corrosion media and
were evaluated by applying the familiar test methods (3,7) for uncoated and
paint coated specimens. With the uncoated samples discussed above, following
types of corrosion were determined quantitatively: uniform corrosion, pitting
attack, shallow pit formation, crevice corrosion and local attack at the heat
effected zone of welds. This was done by gravimetry and by recording
micrographs, scanning electron micrographs and surface profiles. The paint
coated samples served for the determination of the sub-surface corrosion and the
local attack in the region of a scratch in the coating system. Furthermore, the
degradation (loss of brightness, blistering) of the paint coating was evaluated
to get an information of its stability against corrosion.

RESULTS

In the experiments different corrosion scenarios have been considered. They
are representing the degree of damage of the paint coating due to handling. For
discussing the investigations, the data resulting from immersion of specimens
are scaled up to the corrosion behaviour of a waste containing steel container.
On the inner and the outer side of the container the initial states 'coating not
damaged', 'coating with scratch' and 'uncoated material' are regarded. A
summarizing overview of the test results is given in Table II.

Corrosion at the Inner Surface of a Steel Container

In case of an undamaged coating at the inner surface of a container Table II
shows that no corrosion attack was found for conditions of an Interim storage
above ground. During disposal of cemented wastes at temperatures about 50 deg.C
blistering of the coating starts after 1 year exposure. Additionally, some sub-
surface corrosion under the coating occurs in contact with sodium nitrate
containing wastes. Both effects result from the increase of vapour transmission
with temperature.

If there is a damage In the coating like a scratch which completely
penetrates the coating, a corrosion is expected in the base material. Starting
from the scratch, the corrosive solution possibly infiltrates the paint coating
and causes a corrosion attack by penetration into the steel sheet. Table II
shows that this effect was observed for contact with sodium-nitrate loaded
cemented wastes. Penetration rates of 0.2 to 0.3 mni/yr were determined. In case
of pure cemented wastes corrosion attack was only observed if the scratch had
been situated in the vapour zone above the waste, form. For disposal conditions a
penetration rate of about 0.3 mm/yr was measured.

In case of large zones of uncoated material the experiments show that the
contact of cement does not cause any attack at the carbon steel surface. This
results from the formation of a passlvating layer In the high pH region. With
presence of oxygen in the vapour zone a significant pitting attack occurs.
Corresponding penetration rates have been measured up to 1 mm/yr.
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TABLE II
Summary of main corrosion processes

Waste Forms,
Interim Storage,
Disposal Conditions

Cemented Waste
Form, 22 deg.C

Cemented Waste
Form, 50 deg.C

Cemented Waste Form,
nitrate loaded, 22 deg.C

Cemented Waste Form,
nitrate loaded, 50 deg.C

Interim Storage

ventilated gallery
in a salt repository

quinary salt brine

non-ventilated gallery
in Konrad Iron Ore Mine

deep ground water
from Konrad Mine

Corrosion Scenario
Coating not

damaged

no attack

blistering after
1 year

no attack

blistering, sub-surface
corrosion of the
coating after 1 year

no attack

no attack

no attack

no attack

no attack

Coating with
scratch

no attack, only when scratch
in the vapour zone:
pitting attack (0.08 mm/yr)

no attack, only when scratch
in the vapour zone:
pitting attack (0.27 mm/yr)

some sub -surface corrosion
near the scratch:
pitting attack (0.28 mm/yr)

sub-surface corrosion,
pitting attack (0.2 mm/yr)

no attack

no attack

after 1 year:
pitting attack (0.1 mm/yr)

sub-surface corrosion near
the scratch, pitting attack
(0.4 mm/yr)

after 1 year:
pitting attack (0.15 mm/yr)

uncoated
material

no attack, only in the
vapour zone:
pitting attack (1 .0 mm/yr)

no attack, only in the
vapour zone:
pitting attack (0.6 mm/yr)

no attack, only in the
vapour zone:
pitting attack (0.6 mm/yr)

pitting attack (0.2 mm/yr)

uniform corrosion
(0.01 mm/yr)

no attack

uniform corrosion
(0.025 mm/yr)

shallow pit formation
(0.7 mm/yr), uniform
corrosion (0.3 mm/yr)

uniform corrosion
(0.02 mm/yr)

( ) penetration rate

Corrosion at the Outer Surface of a Steel Container

Table II shows no corrosion attack for an undamaged coating at the outer
surface of a steel container. Furthermore, no degradation of the coating
occurred after immersion under conditions of an interim storage and a disposal
in a salt repository or Konrad Mine, even under contact with salt brines.

In case of a scratch in the paint coating no attack was observed for interim
storage and disposal under salt repository conditions after 1 year exposure
time. In contrast, the contact of the damaged surface with crushed iron ore
containing large amounts of humidity In a closed, unventilated gallery (rel.
humidity about 80 % at 42 deg.C) at the -1250 m level of Konrad Mine caused a
significant corrosion attack. A sub-surface corrosion under the coating near the
scratch occurred with corrosion depths about 0.4 mm after 1 year. The contact
with quinary salt brine and deep ground water from Konrad Mine effected lower
penetration rates by a factor of 4. This results from the low oxygen content of
3 to 4 mg/1 In the salt brines. Furthermore, this attack was limited to the
scratch, and no sub-surface corrosion occurred.
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A similar corrosion behaviour was measured for an uncoated material. The
disposal in a closed Konrad gallery caused the major attack on the steel sheet.
In this environment a uniform corrosion of 0.3 nun/yr was superimposed by a
shallow pit formation with penetration rates of 0.7 mm/yr. In contrast, the
solely uniform corrosion attack under conditions of an interim storage or
contact salt brines is lower by a factor of 10. In all experiments no corrosion
occurred during contact of the samples with crushed rock salt in a gallery at
the -775 m level of Asse Salt Mine.

CONCLUSIONS

For a steel container applied with the 150 microns epoxy resin coating, the
experiments demonstrate that no corrosion attack occurs when the coating is not
damaged. A prerequisite is a proper manufacturing procedure of the containers,
e.g. concerning a homogeneous coating thickness at the inner and the outer
sides. In this case the test results give a stability against corrosion
outlasting 20 years of interim storage, the transport to a repository and
several years of disposal even under humid conditions in a closed Konrad
gallery.

If the handling procedure causes drastic damages in the paint coating of the
container, a corrosion attack in the carbon steel has to be expected.

In case of a damage in the coating at the inner side the base steel material
is laid open. The contact of the cemented waste form causes a passivation of the
carbon steel surface and no corrosion occurs. If the inner coating is damaged in
the vapour zone which is the top region in the container above the cemented
waste, pitting attack occurs. In the experiments the corresponding penetration
rates reach about 1 mm/yr. This demonstrates that the inner sides of the
containers especially in the top region have to be carefully paint coated and
damage must be avoided.

If handling causes coating damages at the outer side of a container, pitting
and uniform corrosion occurs. The latter Is prevailing at a completely uncoated
carbon steel and is significantly below 0.05 mm/yr under conditions of an
interim storage and disposal in a salt repository including contact with crushed
rock salt or salt brines. This is confirmed by experiments on cast iron (1)
which additionally demonstrate the same behaviour for storage in opened,
ventilated Konrad galleries. The largest corrosion effect occurs after disposal
of a paint damaged container in a closed, humid Konrad gallery at the -1250 m
level. The container shell consisting of 3 mm steel sheet will be rusted through
under these conditions in a period less than 10 years.

The experiments show that the carbon steel containers have to be completely
coated with epoxy resin. Some scratches In the painting due to handling are only
acceptable on the outer side. Under these premises the highest corrosion
resistance is given during interim storage above ground and during the operation
phase of a repository in a salt dome or the abandoned iron ore mine Konrad. In
the Konrad safety assessments no credit is taken from the barrier function of
packagings after closing the storage galleries. Then the requirements concerning
the corrosion stability of waste packagings are of minor importance because the
convergence of the surrounding rock will damage the containers mechanically.
This demonstrates that the carbon steel containers completely fulfil the
requirements imposed on them as regards their corrosion behaviour.
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EQUILIBRIUM CONCEPT FOR THE ASSESSMENT
OF THE ACTINIDE RELEASE FROM WASTE FORMS
INTO SALT BRINES

G. RUDOLPH, P. VEJMELKA, R. KÖSTER
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

A novel approach for the assessment of the radionuclide
release from a nuclear waste repository after an accidental
water ingression is proposed: after a short time a stable
final condition is assumed to be established in the near-
field of the waste form in which each radionuclide is at
equilibrium between the dissolved phase and the various
solid phases. The total release may be assessed from the
concentration in solution and the flow rate out of the
near-field.

An experimental program stimulated by this concept
includes studies on the solubility of actinide compounds in
salt brines in equilibrium with cement. In Q-brine (a salt
brine rich in magnesium chloride, pH = 6.5) the concentra-
tions of U, Np, Pu and Am in solution are determined by a
sorption equilibrium, in sodium chloride brine (pH = 12-13)
by the solubility of the respective hydroxide.

INTRODUCTION

In long-term safety considerations for a radioactive
waste repository, a water ingression into the storage area
must be considered one of the possible accidents. The
assessment of the release of radionuclides into the environ-
ment over extended periods of time in such an event has long
been the object of much research effort all over the world.
The crucial point is that the time periods available for
observation are short as compared with the lifetime of some
of the nuclides present in the waste.

PREDICTION OF RADIONUCLIDE RELEASE USING A SOURCE TERM
A method frequently used to assess the release of

radionuclides from a waste form is to enter experimental
data gained from leach tests as well as theoretical con-
siderations into a function to describe the amount of
radioactivity released versus time. Such a function is
called a source term. Equations derived for this purpose
commonly consider diffusion and/or congruent matrix dissolu-
tion to be the rate-determining release mechanisms [1]. A
well known-example is the diffusion law from a semi-infinite
medium where the amount of substance passing from the solid
into the liquid grows with the square root of time.

Any measured leach curve can be approximated by a
source term as closely as desired; however, such an interpo-
lation is justified only for the period of experimental
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verification and is not suited for long-term estimates as
the leach mechanism may change due to alterations of the
interface, e.g. matrix corrosion etc.

Fig. 1 shows the leach curve of cesium from a cemented
product containing a bentonite for cesium retention in tap
water, plotted versus the square root of time. The plot
shows an S-shaped curve which, after three years, turns
linear as it should if the release were diffusion-
controlled. In such a case the extrapolation of the curve
into the future has some good justification because it is
based on eight years of observation time.
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FIG. 1. Leaching of cesium into tap water from a cement
product containing simulated MLLW and bentonite.

Release rate assessments during the entire lifetime of
the nuclides in the waste, however, cannot be made with the
necessary degree of certainty if based only on procedures
like this. Instead, a novel approach is proposed which
assumes that all possible reactions have already completed
and a final state has established in the near-field area in
which all species are in thermodynamic equilibrium.

THE EQUILIBRIUM CONCEPT
Under this approach a condition is considered in which

for every radionuclide a thermodynamic equilibrium is
attained between a liquid phase and various solid phases
which comprise the waste forms, the containments, backfill,
rock or salt and their respective corrosion products. The
equilibria may be governed by solubilities, adsorption, com-
plex formation, acidity and redox potential which determine
an uppe~r limit for the radionuclide concentration in solu-
tion. The final storage area is an almost closed system in
this view. The only possible pathway for radionuclide
release is the escape of some of the aqueous phase to the
outside caused by density or temperature gradients or by
convergence of the surrounding rock.
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A concept of this kind has already been suggested for a
repository in a granite environment [2], It is extended
here to systems containing concentrated salt solutions and
requires that the following conditions be fulfilled:

- The flow rate of water or brine in the disposal area
must be slow.

- The residence time of the aqueous phase must be suffi-
ciently long to allow equilibration.

- The volume ratio of brine to waste should be small in
order to enhance equilibration.
Release rate predictions based on this concept are of

particular importance for the long-lived actinides. Their
equilibrium concentrations in solution are expected to be
low as they are largely fixed in the waste forms as oxides,
hydroxides or silicates.

RADIONUCLIDE RELEASE CALCULATIONS
The radionuclide release from a disposal area following

the hypothetical accident of a water ingression is dependent
upon the radionuclide concentrations in the fluid filling up
the cavities and upon its escape rate out of the near-field.
An upper limit for the concentrations can be provided by
assuming that the dissolved substances are in equilibrium
with the solids present in the repository; in this case the
maximum possible concentrations are reached. Estimates of
release rates based on the equilibrium concept are thus con-
servative in nature.

Data for equilibrium concentrations are accessible not
only by direct measurements which are sometimes quite diffi-
cult to perform, but also by thermodynamic equilibrium cal-
culations. These make use of the interrelations between
equilibrium constant, free energy of formation and redox
potential along with the mass action law and the NERNST,
VAN1T HOFF and DEBYE-HÜCKEL equations.

A variety of computer codes is available in the pub-
lished literature to perform such calculations; there are
also ample collections of relevant thermodynamic data. Such
programs permit the computation of areas of predominance of
various oxidation and hydratation states over the entire
pH-Eh-region; other programs calculate solubilities of
species at given boundary conditions including pH, Eh, ionic
strength and temperature.

EXPERIMENTAL PROGRAM

As—a consequence of the introduction of the equilibrium
concept there are changes in the aim of experimental inves-
tigations: leach tests are replaced by the determination of
solubilities and of adsorption and reaction equilibria. A
research program shall provide the necessary data for safety
assessments.
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For a full description of the mass balance in the repo-
sitory the absorption equilibria must be studied in order to
establish the regions of linear absorption and of satura-
tion. The effects influencing the equilibrium concentrations
can be simulated stepwise; for example, addition of con-
tainer material will provide information about the influence
of iron in its various valence states upon the system. Also
the adsorption characteristics of the corrosion materials
can be detected. Gaseous substances can be added as well as
trace impurities.

An essential point in the use of this approach is the
proof that the final equilibrium has really been reached in
the experiments. This can be done in the following ways:

- The concentrations in solution must be constant with
time.

- X-ray diagrams taken in certain time intervals should
show the invariance of the phase composition in the
solid phases.

- The comparison of the experimental concentrations and
phase compositions with data gained from theoretical
predictions shall provide further evidence that equili-
brium has been attained.
Thermodynamics require that a state in equilibrium must

be the same regardless of the way by which it is reached.
This facilitates conducting experiments in different ways.
For example, there should be no difference if the radionu-
clide under consideration is contained in the waste form
itself or if it is added separately as an oxide. The final
state must be the same in either case. Also an increase of
the specific surface of the solids involved will accelerate
the equilibration without affecting the final state.

EXPERIMENTAL RESULTS

Some results relevant for this approach have already
been obtained on cement products.

Corrosion tests on crushed samples of cement products
in Q-brine (a salt brine rich in magnesium chloride
expected to occur in salt repositories) show that after one
week the original cement structure has completely disin-
tegrated. The predominant corrosion products found by x-ray
diffraction are magnesium hydroxide and gypsum. Silica obvi-
ously is present as amorphous silicic acid. After about four
weeks a further transformation begins: magnesium hydroxide
reacts to MgO.Mg(OH)Cl.5 H2O, gypsum to the semihydrate
CaSO4.i H2O. After two to three months a final state has
been reached with no phases appearing or disappearing any
more. _

The release of actinide compounds from cemented prod-
ucts into salt brines - Q-brine and saturated sodium
chloride solution - was studied. Cement samples were
prepared which were doped with nitrates of U, Np, Pu or Am,
respectively. In each test 2 g of cementitious product and
30 ml of salt brine were used. The actinide concentrations
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(grams per batch) were varied from l.E-4 to 0.1 for uranium,
from l.E-6 to l.E-4 for neptunium, from l.E-6 to l.E-3 for
plutonium, from l.E-9 to l.E-5 for americium. These ranges
were selected so as to include the expected amounts of each
element in cemented medium level waste products. The samples
were crushed in order to accelerate equilibration. Reference
samples of actinide nitrates were stored under similar con-
ditions without cement. While the sodium chloride solution
becomes alkaline due to the presence of cement, the buffer
capacity of the magnesium chloride keeps the pH of the Q-
brine near 6.5.

Samples were taken from the liquid phase after time
intervals ranging from thirty days up to one year. The
activity concentration remained constant during this period;
this proves that equilibrium had been attained. The samples
were filtered using an Amicon ultrafilter system (1.5 nm);
the activity was measured using liquid scintillation count-
ing, gamma- and/or alpha-spectroscopy methods.

TABLE I. Equilibrium concentrations of actinide ions in
salt brines (mol/1)
!|u
|Np
|PU
I Am
1

Q-brine
l.E-6 - 5.E-5
l.E-8 - l.E-7
l.E-9 - l.E-7
l.E-11 - l.E-8

| NaCl solution
1| < l.E-8
| 2.E-9
] 2.E-10
1

Table I shows the range of equilibrium concentrations
measured in these experiments. Sorption equilibria determine
the solubilities in Q-brine: the concentrations in solution
are reduced in the presence of cement by one to two orders
of magnitude as compared to the reference samples. Plots of
the concentrations in Q-brine of uranium and americium
versus the total quantity added of each element are shown in
Figs. 2 and 3. The reference concentrations without cement
and the solubility limit for each species are also included.
Fig. 2 illustrates clearly that the solubility limit of hex-
avalent uranium is not exceeded.

In case of plutonium and americium, the radioactive
nuclide was added by incorporation into cement and, in an
additional test series, by adding to the solution. The final
concentration reached was the same in either case. This is
further evidence that equilibrium has established.

In sodium chloride solution the equilibrium concentra-
tions in solution of neptunium, plutonium and americium
(Table I) do, within the ranges mentioned above, not depend
on the actinide content of the samples and are given by the
solubilities of the respective hydroxides in the high pH
range of this solution of 12 to 13 [3].
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FIG. 4. General progress of nuclide release from waste products.
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CONCLUSIONS

The radionucltde release in the near-field of the
storage area can be divided into phases as follows (Fig. 4):
tl: Dissolution of superficial contaminations, inhomogeneous

areas etc.;
t2: Mobilization determined by diffusion;
t3: Diffusion, corrosion and congruent matrix dissolution

occuring simultaneously;
t4: Corrosion completed; maximum concentration in solution,*
t5: Final state where thermodynamic equilibrium concentra-

tions are attained.

The equilibrium concept can, due to its thermodynamic
approach, cope with the numerous interactive parameters. The
simultaneous use of thermodynaraic equilibrium concentrations
and experimentally determined diffusion coefficients of ori-
ginal and corroded products is better suited to approximate
the radionuclide release rate than a merely kinetic extrapo-
lation.
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Abstract

The problems associated with the low and intermediate
level wastes are on account of their bulk volume. On
account of this overall cost of management beccomes highly
sensitive with respect to cost of each component involved in
processing, storage and disposal. In today's practice
"Shallow land Burial1 is perhaps the most popular disposal
option for these wastes. This is because of its simplicity.
It is also apparently the cheapest. However, by virtue of
its proximity to surface, it is also the most vulnerable to
human intrusion. Disposal by 'Shallow Land Burial' not only
stipulates upper limits of radionuclide inventories but also
specific requirements with respect to long term integrity.
It is likely that the waste form would eventually come in
contact with ground water and, therefore, it is essential
that the waste form exhibits good resistance against aqueous
attack.

With the above perspective, studies were undertaken to
improve upon the performance of the moat popularly used
cement waste form on the one hand, and development of
vitreous matrices for theae wastes which could result in
substantial volume reduction and products of vastly improved
leach resistance on the other. In view of the difference in
approach adopted in these studies, it is considered
appropriate to deal with them separately under Part- A and
Part-B entitled 'Evaluation of Cement Waste Forms
Incorporating Low and Intermediate Level Wastes' and
'Development of Vitreous Waste Forms for Intermediate Level
Wastes and Concentrates'.

PART - A

EVALUATION OF CEMENT WASTE FORMS INCORPORATING
LOW AND INTERMEDIATE LEVEL WASTES

INTRODUCTION

Cement as a matrix for immobilisation of radioactive
waste finds wide application . The underlying reason for
its popularity is its low cost and simplicity of the process
and technology involved. The end products usually have
good mechanical properties though the waste form is
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intrinsically porous in nature. On account of porosity,
water-permeability of these products is relatively high
which results in release of soluble radionuclides
incorporated in the matrix. The matrix, however, has good
retentivity for alpha emitting nuclides and most of the beta
emitting nuclides.

One approach for improving upon the retention
capability of cementacious matrix for these soluble
radionuclides is to incorporate in the matrix materials like
vermiculite which by virtue of their sorption properties can
retard the release of radionuclides. Another approach for
the same is to make the matrix more impervious by using
pore-fillers and compaction. Studies were undertaken to
improve upon the performance of cement waste forms and to
develop improved techniques offering substantial volume
reduction.

EXPERIMENTAL METHODOLOGY
Experiments were conducted with alkaline waste of

intermediate level activity and active sludges originating
from low level effluent treatment plant(Table 1) Ordinary
Portland Cement(OPC) was used as the immobilisation matrix.
Vermiculite, a naturally occuring clay mineral was used
after washing, drying and sieving and a graded size of
-25+50 ASTM mesh was generally used. The mineral has good
cation exchange capacity (CEC) which is in the range of
1.3-1.5 meq/gm.

For preparing the waste forms , vermiculite, wherever
used, was premixed with cement and gradually added to the
waste under continuous mechanical stirring. After
homogenisation under standard mixing time and speed, the
grout was cast in cylindrical containers of different sizes.
Though no vibratory compaction technique was employed, care
was taken to avoid entrapment of air during casting. The
blocks were then cured for a period of 30 days at ambient
temperature under 100% humidity. Dimensional and weight
measurements were taken before and after curing to account
for shrinkage and other changes during curing. All
quantities were expressed on weight basis with reference to
the waste.

Solidification of sludge cake with higher solid content
in cement matrix by conventional mechanical mixing does not
result in a satisfactory product on account of their flocky
nature. Hence, incorporation of sludge cake in cement was
studied by pressure compaction. The waste was initially
dispersed in the required quantity of pre-mixed cement and
vermiculue, and then compacted in special moulds using a
hydraulic press. The pressure was gradually increased to
squeeze the water from the cake and to allow it to
disperse uniformly in the cement. This was monitored by
observing appearance of water at the sides of the plunger.

158



TABLE : 1 WASTE CHARACTERISTICS
(Int.level wastes)

Waste type Activity level
(uci/ml)

Total solids
(percent)

Intermediate level
Waste

ILW,Batch 1

ILW,Batch 2

Chemical sludge

Sludge cake
Batch 1

Batch 2

Dried sludge

Gross beta
Cs-137
Sr-90
Ru-106
Gross beta
Cs-137
Sr-90
Ru-106
Gross beta
Cs-137

Gross beta
Cs-137
Gross beta
Cs-137
Gross beta
Cs-137

1.22
0.31
0.32
0.004

0.24
0.21
0.007
0.001

0.039
0.016

0.68/gm
0.35/gm
0.52/gm
0.34/gm
3.46/gm
2.26/gm

16.30

18.06

0.70

9.70

15.0

After compaction, the product was ejected out and kept for
curing under 100% humidity. In the case of dried sludge, it
was premixed with the required quantity of cement and
vermiculite and to this admixture water was added externally
conforming to different w/c ratios (max. of 0.4)before
subjecting it to pressure compaction as stated above.

Cured blocks were leached using distilled water as
leachant- at ambient conditions by various leaching
techniques (Table 2 }. Standard counting techniques were
employed for determination of activity. Multiple sample
counting was employed to minimize experimental errors.
Besides, for samples having very low activity, counting
periods were extended within practical limitations.
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TABLE : 2 LEACH TEST CONDITIONS

Method Leachant Conditions Volume Time Ref.
(days)

Static distilled
water

Dynamic distilled
water

ISO distilled
water

ambient

ambient

ambient

X 10

25cmd

X 10

30 tracer
(Cs-134)

12 tracer
(Sr- 90)

120 all
others

RESULTS AND DISCUSSIONS

Intermediate level liquid wastes:

Leaching behaviour of cesium and strontium were studied
using Cs-134 and Sr-90 as tracers and immobilised in
ordinary portland cement (Fig.l). Though the basis
i.e., w/c ratio and leach test methods were not identical,
yet vast difference in retention capability of OPC matrix
for cesium and strontium were broughtout clearly. Dynamic
leach test was resorted to in the case of strontium
incorporated blocks in order to study the leaching behaviour
under more rigorous conditions. Cumulative fraction
released (gross beta) from OPC waste form incorporating ILW,
batch 1 was also studied for comparison. Here most of the
activity released was on account of Cs~137, since the waste
form has little intrinsic retention capability for this
nuclide. Strontium-90 on the other hand was effectively
retained in cement waste form. The mechanism controlling
its retention involves apart from its physical entrapment,
its participation in hydro silica formation as well.
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FIG 1 Activity release for 1iMCs, Sr and ILW (batch I) from a pure cement matrix (OPC)
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Cement waste forms being porous in nature, activity
release from them is highly dependant on this porosity.
Porosity is related to w/c ratio and it increases with
increase in water content. As expected decrease in activity
release was observed with decrease in the w/c ratio(Table3).
However, net reduction in activity release was 20% for a
100% increase in the quantum of cement used.

TABLE : 3 ACTIVITY RELEASE WITH VARYING W/C RATIO
FROM CEMENT WASTE FORMS

Diffusivity
W/C 2 -1 -10

cm sec x 10

0.330 3.56
0.400 5.98
0.660 12.22

Vermiculite, a naturally occuring clay mineral has good
irreversible uptake of cesium. Activity release from cement
waste forms incorporating this mineral as a minor additive
showed a considerable decrease in activity release during
leaching studies extended over a period of 120days (Fig.2).
Studies were also conducted to determine the effect of
varying amounts of vermiculite incorporation on activity
release from these waste forms(Fig. 3). It was observed
that for waste forms with w/c as 0.66, incorporation of
vemiculite resulted in a sharp decrease in activity
release(25% release with no vermiculite to 0.7% release with
20% vermiculite). Incorporation of vermiculite higher than
20% does not give any benefit. In fact,vermiculite
incorporation above 30% was found to increase the' activity
release marginally. This may be due to weakening of the
matrix on account of higher solid loading. For lower w/c
ratios of 0.4 and 0.33 as well, decrease in activity release
was observed with increase in vermiculite content upto 20%.

Contrary to the normal expectation of better leach
resistance for waste forms with lower w/c ratios, it was
observed that in presence of vermiculite, waste forms with
higher w/c ratios exhibited in general higher leach
resistance(Fig. 4 }. For a product with w/c ratio of 1.0,
the cumulative fraction of activity released is only 1.63%
as against 5.33% for a product with w/c ratio of 0.33. This
behaviour perhaps can be explained in terms of 'avaibaility
factor1 of vermiculite per unit mass of the product. Since
vermicuTite constitutes the intrinsic primary barrier in the
matrix, the lower the w/c ratio, the lower is the
'availability factor' and hence higher the leach rate.
However, when the w/c ratio is reduced below 0.33, the trend
is reversed with 3.41% cumulative release corresponding to
w/c ratio of 0.28. Here lower porosity on account of higher
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FIG. 5. Relative product volume with different
W/C ratios for 10% vermiculite incorporated
cement waste forms.

cement content, overrides the effect of 'availability
factor' of the intrinsic barrier. This low w/c ratio of
0.28 cannot be recommended for conventional mixing on plant
scale. It was also observed that the higher the w/c ratio
the lower is the final product volume {Fig. 5). Thus
vermiculite incorporation as a minor additive leads to a
dual benefit of better chemical durability and lower product
volume. In addition higher w/c ratio has the advantage of
ease of mixing and homogenisation on plant scale operations.
It is to be noted that w/c ratio higher than 0.66 entails
rejection of excess water as 'bleed' which is undesirable.

Studies were also taken up to find out the optimum
particle size range of the vermiculite incorporated in the
cement waste form to obtain minimum leach rates. Washed
vermiculite of -25+45ASTM mesh was subjected to mechanical
size reduction process and five different grain size groups
were collected by sieving for the above studies. Blocks
were prepared with w/c/v ratio of 1.0/1.5/0.1 keeping S/V
constant at 0.37. The cumulative fraction of activity
released for a leaching period of 120 days showed minimum
activity release from products incorporating -60+80 ASTM
mesh size of vermiculite.(Fig. 6). The sharp fall in the
activity release observed between -25+45 and -60+80 ASTM
mesh size is in accordance with the normal expectation on
account of greatly improved kinetics of activity pick up
with the reduction in size. The marginal increase in
activity release with still finer particle size could be due
to coverage of the grains by cement.

As one of the operational parameters, effect of pre-
contacting the waste with vermiculite prior to addition of
cement for solidification was also investigated. Exchange
kinetics for pick up of activity on vermiculite are known
to be rather slow and maximising the advantage would call
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for longer contact time. Since there are practical
limitations in providing extended contact periods in plant
scale operations, our studies were limited to a maximum
contact time of 5 hours only. It was seen that pre contact
time upto 1 hour with 10% and 20% vermiculite does not offer
any significant reduction in activity release. As against
this, when the precontacting time was increased to 5 hours,
activity released came down to a figure of 0.44 percent from
1.6 percent for no precontact time with 10%
vermiculite(Fig. 7). From the above it appears that
precontacting vermiculite with waste can be meaningful only
if the time of precontact is sufficiently long. The marginal
advantage obtainable from short precontacting periods will
be more than off set by loosing the ease of operation on
account of feeding premixed vermiculite and cement to the
waste.
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FIG. 7. Effect of precontact time with vermiculite on
activity release from cement waste forms for ILW (batch II).

Effect of wastes form size was also studied to
correlate the laboratory data on leach studies to field
conditions. Cement waste forms were cast in cylindrical
moulds of various sizes maintaining a uniform height/dia.
ratio as 1 with and without vermiculite. The size effect on
cumulative fraction released were evaluated with reference
to their s/v ratio (Fig. 8 } . In the case of waste forms
without vermiculite, the activity released was found to have
a drooping characteristics as s/v ratio is decreased whereas
in the case of waste forms with 10% vermiculite, the
relationship was found to be more or less linear. Thus,
correlation between laboratory data and field conditions for
larger size waste forms with vermiculite may be easier to
predict.

To get an idea of the leaching mechanism in the above
cementatious waste forms, the experimental leaching data has
been plotted with depletion depth(XD) as a function of
square root time{ /~tT } (Fig. 9 ) . The matrix being
intrinsically porous, the plots are expected to be linear if
leaching is diffussion controlled. There is a general
agreement in all the cases with waste forms without
vermiculite having steeper slopes. It is also observed that
in most of the cases there are two distinctive regions for
the curves, slopes being more in the initial stages of
leaching which some what flattens as leaching behaviour
tends -to stabilise. This may be due to higher initial
release from the surface layers of the waste forms. In the
case of blocks with finer particle size of the mineral, this
slope is almost Zero after a few days of leaching,
corresponding to practically zero activity release from the
blocks.
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Sludges and sludge cakes:
While the sludges contain suspended solids upto about

1% by weight, sludge cakes obtained after further dewatering
by supercfecanter/centrifuges contain solids upto around 15%
by weight(Table 1). These sludges and sludge cakes by
virtue of their formation history are themselves not
amenable to leaching. However, on account of their easy
dispersibility, they cannot be accepted as final waste form
and hence have to be immobilised.
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Leaching studies of cesium 137 from cement waste forms
incorporating sludges revealed that nearly 70% of cesium
contained in the sludges got released in a priod of 20 days.
As against this, its release from sludge cake itself
amounted to less than 1% over the same period of time
{Fig. 10). Thus, it is observed that incorporation of
sludge/sludge cake in cement matrix results in deterioration
of its capability to retain the radionuclides.

It is known that copper ferrocynide, which retains
cesium by coprecipitation, looses its stability beyond a pH
of 9. On mixing the sludge with cement, the resultant
slurry attains a pH above 12 thereby causing its
instability. The higher release of radionuclides from
sludge -cement waste forms can be on account of this
phenomenon. To improve upon the chemical durability of
these sludge- cement waste forms with respect to activity
release, incorporation of vermiculite as a minor additive
was studied. It was observed that addition of 10% of
vermiculite with respect to the weight of the sludge,
reduced cesium release to about 11% over period of 20
days, the reduction factor being about 6. The corresponding
gross beta release value of 32.5% for sludge cement waste
forms was brought down to 3.5% by vemiculite
incorporation(Fig 10).

3 IO

LcocMng Time ( Doy )

FIG. 10. Activity release from sludge cake and sludge-cement waste forms.
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As observed in the case of intermediate level liquid
wastes and in the case of chemical sludges as well,
incorporation of vermiculite as additive gave better leach
resistance with increase in water/cement ratio. In the
absence of vermiculite, however,as expected the trend was
reversed (Fig. 11 & 12).
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FIG. 11 Activity release from sludge cake and sludge-cement waste forms.

20

I6 .

Leaching
40 days
a m b i e n t
ISO

B WHh IO% vermicul i te ,
a Without

v e r m i c u l i t e

0 23 0 33 0 63
———f W a t e r / c e m e n t

FIG. 12. Activity release from cement waste form
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As mentioned earlier, conventional mixing of
sludge cakes with cement does not result in a satisfactory
product as the cement does not get uniformly hydrated with
the water associated with the cakes. On compaction, this
water gets squeezed out thereby allowing uniform hydration
of cement. Besides, the product obtained is more compact
with considerably reduced porosity. This not only results
in higher waste loading but also in lower ' activity
release(Fig. 13.) The activity released from sludge -cement
waste forms with 0.02 percent waste loading (dry solids
basis) was 32.5percent over a period of 35 days as compared
to a figure of 10.7percent from sludge cake-cement waste
forms with 3.4 percent waste loading(dry solid basis)
prepared under compaction. With the incorporation of
vermiculite, the corresponding figures were 3.5 percent and
1.3 percent respectively.

FIG 13 Activity release from compacted sludge cake-cement waste forms

With a view to maximise the waste loading, attempts
were made to incorporate sludge as dry powder in cement with
water corresponding to W/C of 0.23 added externally followed
by pressure compaction.(Table 4). Sludge incorporated in
the form of dry powder offered significant improvement in
leach resistance. Activity released from cement waste forms
incorporating sludge as cake (with 10 percent vermiculite )
was 2.69 percent over a period of 40 days compared to 0.42
percent when incorporated in the form of dried powder over
the same period. Higher waste loading upto 16.7 percent dry
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solids did not show practically any change in the activity
released. In all the cases addition of 10 percent
vermiculite improved the leach resistance by an order of
magnitude (Fig.14).

TABLE : 4 ACTIVITY RELEASE FROM COMPACTED
SLUDGE-CEMENT WASTE FORMS

Nature of Waste loading Activity release(percent)*
sludge (dry solids,%) (verm.nil) (verm.10%)

Sludge cake
Dried sludge
Dried sludge
Dried sludge

3.4
4.7
9.0
16.7

9.11
4.63
3.65
3.04

2.69
0.42
0.36
0.39

* Basis-gross beta (ISO,distilled water,ambient,40 days)

sludgt loadinc I 7 •/
vtrmculitc nl

10 20

i— Leaching tint I Dayl )

FIG 14 Activity release from compacted dried sludge-cement waste forms
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CONCLUSIONS

Incorporation of vermiculite in cement waste form has
been found to be the single major contributory factor in
improving upon the chemical durabilities. It is found that
the benefit obtainable by incorporation of vermiculite
cannot be matched by any increase in quantum of cement.
Besides, in presence of vermiculite, higher w/c ratio is
favoured for obtaining better leach resistance. This aspect
is significant as higher w/c ratio not only results in lower
final product volume and ease of operation but also reduced
processing, storage and disposal costs.These observations
have been made in the case of incorporation of liquid wastes
as well as cement sludges.

For incorporation of sludge cakes in cement waste forms
pressure compaction has been found to be very effective.
Here again, vermiculite as a minor additive, reduced the
activity release considerably. Chemical sludges are
inherently non leachable and the role of cement matrix is
essentially to check its dispersibility. It has been found
that incorporating sludge in the form of dry powder by
pressure compaction could facilitate very high waste
loadings without any compromise on the chemical durability
of the final product.
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PART - B

DEVELOPMENT OF VITREOUS WASTE FORMS AND
MATRIX FOR INTERMEDIATE LEVEL WASTE AND

CONCENTRATES
INTRODUCTION

Intermediate level waste and many of the cconcentrates
arising from specific treatment of primary wastes, by virtue
of their higher radioactivity content, call for a disposal
system that can provide the required long term safety
assurance. Economic considerations of disposal of such
wastes would demand a waste form that offers high volume
reduction. Such requirements cannot be met by matrices such
as cement, bitumen and the like. Vitreous matrices on the
other hand promise the dual benefit of better safety
assurances on account of their vastly superior durability
and significant volume reduction. With due considerations
of the above, studies were undertaken for conversion of
waste concentrtes into vitreous forms by taking advantage of
glass forming materials alredy present in such wastes.
Initial higher cost of production is expected to be more
than offset by effecting lower cost of disposal and post
disposal surveillance.

The intermediate level alkaline waste streams are
normally associated with high TDS and techniques like
evaporation may not give desired volume reduction. Direct
immobilisation of these wastes though technically feasible
results in large final product volumes. Processes like
chemical treatment and ion exchange on naturally occuring
clay minerals like vermiculite followed by immobilisation of
the concentrates obtained therefrom can result in
substantial volume reductions (Table 1).

TABLE : 1 COMPARISON OF PROCESS OPTIONS
W.R.T PRODUCT VOLUMES

Process options Relative product volume

1. Direct Cementation 1.7 -2.0
2. Direct Bituminisation 1.2 - 2.0
3. Direct Polymerisation 1.5 - 2.0
4. Direct Vitrification 0.2 - 0.4
5. IX "By Vermiculite 0.015 - 0.02
6. IX by Vermiculite and

immobilisation in Cement 0.03 - 0.06
7. IX by Vermiculite and

conversion to Vitreous form 0.004 - 0.005
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Spent vermiculite and chemical sludges from treatment
of low and intermediate level effluents J.f converted to
vitreous mass can meet the end objective of a waste form
with minimum product volume and high leach resistance.
Vermiculite on account of its chemical composition with
high silica content and other conditional glass formers ,
can be easily converted into vitreous form with minimum
additives. Chemical sludges on the other hand do not contain
any primary glass formers and their conversion to vitreous
forms calls for addition of suitable glass formers. It is
also possible to adopt a common immobilisation mode for both
these waste streams wherein vermiculite can form an ideal
starting material for such waste forms (Table 2). Besides,
vitreous matrices, by virtue of their inherant capability to
incorporate wide variety of inorganic materials, can
accomodate other waste streams like incinerator ash and
filter sludges as well.

TABLE : 2 COMPOSITION OF TYPICAL VERMICULITE

Component Group Composition
(wt.%, oxides)

Natural Dry Vermiculite
Glass former (SiO2) 36.24
Conditional glass
former (A12O3) 28.80
Network modifiers
(Na20,CaO,MgO,Fe2O3) 17.57
Moisture 10.00

Spent Dewatered Vermiculite
Na2O 6.06

EXPERIMENTAL METHODOLOGY

Compositional developments for these vitreous waste
forms were carried out on both simulated as well as active
waste concentrates.For vermiculite streams, melt formations
were tried in sodium-silicate and sodium-borosilicate
systems. For chemical sludges sodium-borosilicate and
sodium boroalumina-silicate systems were investigated.During
melt formations, physical observations were carried out to
determine the nature of the products and its fussion and
pour temperatures. Thin wires were drawn to evaluate
homogeneity of the product prior to final pouring.

Leaching studies involved use of crushed and sieved
specimens of the product (-16+25 BSS mesh) encased in
stainless steel wire mesh and suspended in the leacahant.
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The leachant volume used was 100 ml per gram of specimen
with leachant replacement schedule conforming to ISO
technique. For inactive studies computation of leach values
were on sodium loss basis while for active studies it was
on the basis of gross beta activity release.

Besides leaching, the other product characterisation
included microscopic examination for homogenity, x-ray
diffraction to confirm the amorphous nature and electron
probe micro analysis(EPMA) for evaluating the elemental
distribution in the vitreous products.

RESULTS AND DISCUSSIONS
With a view to incorporating maximum loading of

vermiculite as waste, sodium silicate systems were tried
using lower quantities of other additives. Vermiculite
loading from 35 wt. percent to as high as 55 wt. percent
was tried with resulting pour temperatures in the range of
1100 C to 1200 C and varying homogenity(Table 3) .

TABLE : 3 VITREOUS MATRIX WITH INACTIVE VERMICULITE
(Sodium silicate system)

Code Composition(wt%) Pour Physical Leach rate *
_____________ Temp. appearance

(gm.cm d )Na20 SiO2 Verm. ( O

V25 35 30 35

V24 40 20 40

V22 35 20 45

V13 25 25 50

V12 20 20 55

-4
1100 light brown, 9.48X10

homogeneous,
lot of voids.

-5
1150 light oraange, 8.87X10

homogeneous,
lot of voids.

~6
1100 light brown, 9.20X10

homogeneous,
a few voids.

-5
1200 dark brown, 9.01X10

phase sepa-
rated.

1150 dark brown,
phase sepa-
rated,
lot of voids.

-4
1.50X10

* Basis - wt.loss (ambient, 5 days)

174



Though chemical durability of these glasses was quite
satisfactory(SV22,Fig. 1} melts were found to have
relatively high viscosity and had more gas inclusions. The
pour temperature being on the higher side of 1050 C could
be a constraint on plant scale operation and the composition
did not satisfy the acceptance criteria with regard to
homogeneity as well(Fig .2). Incorporation of 5 to 15 weight
percent of B203 not only resulted in significant lowering of
pour temperatures and increase in vermiculite loading but
also melts of lower viscosity and better homogeneity were
obtained (Table 4). Besides, there was substantial reduction
in refining and homogenisation period. Glass forming region
in this sodium borosilicate- vermiculite systems with
acceptable pour temperatures and homogeneity was identified
(Fig. 3). Maximum vermiculite incorporation satisfying
acceptance criteria was 65 wt. percent.

,o4

9
8
7

6

-5
10
9

:
5

~O

10

Leochlng
dbtllted woter
ambient
ISO

VB 33

A 47

SV22

—-—^. SV 02

IO ZO SO 40 5O 60 70

——————» Ltachlng Tlmt (Oayt)
8O 9O IOO

FIG. 1. Activity release from selected glasses incorporating inactive chemical sludges and vermiculite.
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FIG. 2. Glass forming region in sodium silicate-vermiculite system.

TABLE : 4 VITREOUS MATRIX WITH INACTIVE VERMICULITE
(Sodium borosilicate system)

Code Composit ion(wt%) Pour Physical Leach rate*
_________________ Temp. appearance -1. -1
Na2O B203 SiO2 Verm. (°C) (gm.cm d )

__

VB19 19 05 28.5 47.5 1050 dark brown, 1.50X10
homogeneous,
lot of voids.

-4
VB20 20 20 10.0 50.0 1050 dark brown, 1.99X10

homogeneous,
a few voids.

-5
VB16 20 05 20.0 55.0 1050 light brown, 9.67X10

homogeneous,
lot of voids.

-5
VB33 20 15 5.0 60.0 950 light brown 2.29X10

homogeneous,
no voids.

-4
VB25 20 10 5.0 65.0 1000 light brown, 2.10X10

homogeneous,
lot of voids.

* Basis - wt.loss (ambient, 5 days)

The leaching behaviour of selected active glasses from
the above two systems indicte that durability of glasses
from sodium silicate-vermiculate system is one order of
magnitude superior to that of sodium borosilicte system
(Fig.4).

176



B2°3

/\ x °*noo*c
s / \ a ±0£|200'c

IWII —Acceptable région

15

2O

75 7O 65 60 55 50 45 4O
Vermietete SiO,

FIG. 3. Glass forming region in borosilicate- vermiculite system with 20% Na20.
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FIG. 4. Activity release from selected glasses incorporating chemical sludges and vermiculite.
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Unlike vermiculate, chemicl sludges do not contain any
glass forming constituents and cannot form glasses on their
own. Attempts were made to incorporate these sludges in
sodium borosilicate base glass (Table 5). Though it was
possible to incorporate sludge oxide upto the maximum of 30
Wt.%, the products formed were non-homogeneous with lot of
unfused particles and phase separation. This is on account
of non-compatible constitutents like copper salts present in
the sludge. Also the products suffered on account of their
poor chemical durability.

TABLE : 5 VITREOUS MATRIX WITH INACTIVE CHEMICAL SLUDGE
(Sodium borosilicate system)

Code Composition(wt%) Pour Physical Leach rate*
_________________ Temp. appearance -2 -1
Na2O B2O3 SiO2 sludge o (gm.cm d )

oxide ( C)
_ O

S14 25 10 50 15 1050 light brown, 2.44X10
a few voids.
phase seperated.

-3
S13 25 10 45 20 1000 light brown, 3.10X10

lot of voids.
phase seperated.

_ -a
950 dark green, 2.21X10

unfused mass,
S19 30 10 35 25

a few voids.
-3

S22 30 10 30 30 1000 dark green, 2.92X10
unfused mass,
lot of voids.

* Basis - wt.loss (boiling water, 5 days)

Incorporation of A12O3 in sodium borosilicate sludge
system not only enhanced its chemical durability but also
reduced the tendency for phase separation caused by the
presence of copper salts etc. present in these sludges
(Table 6). Sludge oxide incorporation beyond 25 Wt.% in
this sodium alumino-borosilicate system resulted in a semi
fused glassy mass even at around 1150 C. Sodium oxide above
30 Wt.% resulted in the formation of phase separated
products^ Selected vitreous product (A47) with 25 Wt.
percent of sludge oxide was quite homogeneous with pour
temp. limited to 1000 C. The leaching pattern over a period
of 100 days on Na loss basis gave a leach rate of 2 x
gms/cma -day (A47, Fig.l). Based on the criteria of pour
temperature (1000 C) and good homogeneity, the acceptable
glass forming region has also been identified (Fig.5).

1Ô5

178



TABLE : 6 VITREOUS MATRIX WITH INACTIVE CHEMICAL SLUDGE
(Sodium alumino borosilicate system)

Code Composition (wt%) Pour Physical Leach rate*
________________________ Temp, appearance -2 -1
Na2O3 A12O3 SiO2 B2O3 sludg o (gm.cro d )

oxide ( C)

A12 30 10 10 35 15

A14 35 10 10 25 20

A42 25 10 20 20 25

A47 20 10 15 30 25

A03 30 10 10 20 30

1100 bluish green, N.A
homogeneous,
excessive foam-
ing & swelling.

-4
1050 dark black, 5.62X10

homogeneous,
phase seperated.

-4
950 deep black, 2.10X10

homogeneous,
excessive foam-
ing & swelling.

-4
1000 deep black, 1.35X10

homogeneous,
controlled foam-
ing & swelling _̂ •}

1150 dirty green, 2.31X10
phase sepa-
rated.

* Basis - wt.loss (boiling water, 5 days)

B,O,D2V3

60

50

40

30

20

IO

O « lOOO'C
+ "I050*C

IO mi— Acceptable rtglon

ZO

60 5O 4O 3O 2O IO 0
N°2° SIO2

FIG. 5. Glass forming regions in sodium borosilicate system with 25% sludge oxide with 10 % AI2O3.
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As a common mode of immobilisation for mixed waste
streams containing vermiculite and chemical sludges, the
melt formulations based on sodium silicate-vermiculite and
sodium borosilicate-vermiculite systems were chosen to form
the base glasses. Dried chemical sludge was incorporated
in these base glasses. It was noted that fusion and pour
temperatures remained generally unaltered upto 25 Wt.%
sludge loading in the latter system (Table 7) while in the
case of former there was a gradual rise in pour temp. from
1050 - 1150°C (Table 8).

TABLE : 7 VITREOUS MATRIX WITH INACTIVE VERMICULITE & SLUDGE
(Sodium borosilicate system)

Code Composition (wt%) Pour Physical Leach rate*
_______________________ Temp, appearance -2 -1
Na2O3 SiO2 B2O3 Verm, sludg o (gm.cm d )

oxide ( C)

VB33 20 05 15 60 00 950 light brown,
homogeneous,
a few voids.

SV01 19 4.75 14.25 57 05 950 dark brown,
homogeneous,
a few voids.

SV02 18 4.50 13.50 54 10 950 dark brown,
homogeneous,
a few voids.

SV03 17 4.25 12.75 51 15 900 dull brown,
homogeneous,
a few voids.

SV04 16 4.00 12.00 48 20 950 dull brown,
homogeneous,
a few voids.

SV05 15 3.75 11.25 45 25 950 deep black
phase sepa-
rated.

-5
3.40X10

5.70X10

~ D
3.90X10

-6
5.60X10

-5
1.10X10

-5
2.20X10

SV06 14 3.50 10.50 42 30 1050 deep black
phase sepa-
rated.

N.A.

* BasirS - Na loss (ambient, 14 weeks)
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Sludge incorporation more than 25 Wt.% resulted in phase
sepration with unfused particles. In general, glasses formed
with the former were relatively more viscous and hence had
more gas inclusions. The leaching studies for a period of
100 days on sodium loss basis for this typical mixed waste
stream glass gave a leach rate of 4 x 10~6 gins/cm2" -day
(SV02, Fig.l).

TABLE : 8 VITREOUS MATRIX WITH INACTIVE VERMICULITE & SLUDGE
(Sodium silicate system)

Code Composition(wt%) Pour Physical
Temp. appearance

Na2O SiO2 Verm.sludge o
oxide ( C)

Leach rate
-2 -1

(gm.cm d )

-6
SV22 20 35 45 00 1050 light brown, 9.00X10

homogeneous,
a few voids.

-6
SV23 19 33.3 42.8 05 1050 green, 7.40X10

homogeneous,
lot of voids.

-6
SV24 18 31.5 40.5 10 1100 green, 7.90X10

homogeneous,
lot of voids.

-6
SV25 17 29.8 38.3 15 1150 yellow green, 3.30X10

homogeneous,
a few voids.

-6
SV26 16 28.0 36.0 20 1150 dark green, 2.40X10

homogeneous,
lot of voids.

-6
SV27 15 26.3 33.8 25 1150 dark brown, 3.20X10

homogeneous,
a few voids.

SV28 14 24.5 31.5 30 1150 unfused mass, N.A.
lot of voids.

* Basis - Na loss (ambient, 14 weeks)
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FIG 6. X ray diffraction of selected vitreous products.
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Optical microscopic examination in reflected and
transmitted modes revealed that selected vitrified products
(A47, VB33) were quite homogeneous and no crystallinity was
observed. X-ray diffraction patterns showed that the
products are amorphous in nature as is evident from abscence
of any sharp peaks (Fig. 6). EPMA/SEM examination of active
specimens of vermiculite glass (VB33) showed that
distribution of elements like Cs,Na,K and Ca was uniform
while that of Mg varied slightly. In the case of active
sludge glass (A47) elemental distribution of Cs, Ca and K
was found to be uniform. No porosity was observed in either
of the above active glass specimens. Salient features of the
selected glasses are summarised below :

SALIENT FEATURES OF SELECTED VITREOUS PRODUCTS
INCORPORATING ACTIVE WASTES CONCENTRATES

SI
No

1.

Salient features

Wastes types
incorporated

SV22

Vermi-
culite

Code*
VB33

Vermi-
culite

A47

Sludge
cake

2. Percent waste oxide
incorporated

3. Specific activity
(uci/gm,gross beta)

4. Major radionuclides

5. Fusion temp. ( C)
o

6. Pour temp.( C)
7. Crystallinity

(X-ray diffraction)

45

0.26

Cs-134,137
Sr-90
Ru-106

850
1050
nil

8. Leach rate (ISO, dist. water) 0.63
- -(amb.lOOd,gms cm d X10 )

9. Relative product volume

60

0.35

25

0.20

Cs-134,137 Cs-137
Sr-90 Sr-90
Ru-106 Co-60

0.75

850
950
nil

8.14

0.58

900
1000
nil

< 0.1

0.20

* SV22 : Na2O 20%, SiO2 35%, Verm.45%
VB33 : Na2O 20%, SiO2 5%, B2O3 15%, Verm.60%
A47 —: Na20 20%, SiO2 30%, B2O3 15%, A21O3 10%,

Sludge oxide 25%
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CONCLUSIONS

From the studies carried out so far, it can be
concluded that vitrification option for intermediate level
wastes and concentrates is technically feasible with high
volume reduction factors and resulting in products of far
superior chemical durability. When compared to presently
employed matrices like cement, bitumen and polymers for
these waste streams, a minimum of ten fold increase in
volume reduction can be expected by vitrification option.
Besides, vitreous matrices are known for their durability
over extended periods of time. It is to be noted that the
chemical sludges are devoid of primary glass formers and
also contain some elements which have problems of
compatability with vitreous systems. Even then it has been
possible to incorporate a. good proportion of this waste in
the glass formulations developed.

Excepting chemical sludges, other waste streams falling
in this category are mostly rich in glass forming components
barring silica. For example the entire Na2O requirements
can be met by alkaline wastes of reprocessing plant origin.
Similarly B2O3 requirement can be met by boric acid
containing waste streams from power reactors. By a
judicious combination of different waste streams and choice
of suitable glass forming systems, contribution by waste
themselves in the final waste forms could be as high as 80%
or even higher.

Besides, as mentioned earlier, vitreous matrices are
capable of incorporating a wide variety of inorganic
materials either as glass formers, modifiers, intermediates
or just as entrapped entities. This could open up
possibility for a common immobilisation mode for a wide
range of primary and secondary waste streams of low and
intermediate level nature including incinerator ashes,
filter cakes etc.
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SUMMARY OF PROGRAMME RESULTS
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WASTE CHARACTERIZATION AND RELATED
ADMINISTRATIVE PROCEDURES

J.S. CARLSSON
Swedish Nuclear Fuel and

Waste Management Company,
Stockholm, Sweden

Abstract

Before disposal of LLW/ILW in the Final Repository for Radioactive
Waste, SFR, all packages have to be proven suitable for disposal.
The waste is divided into groups, waste types. Each waste type is
defined by the origin of the raw waste material, treatment and
long term performance of the waste packages. In a Waste Type
Description, WTD, the criteria for acceptance for final disposal
is derived based on the requirements arising during the handling
sequence, from collection of raw waste through disposal. The set
of criteria is unique for each waste type. The WTD includes
necessary control actions and documentation. The WTD is prepared
by the waste producer and SKB (owner of the repository). Based on
the WTD acceptance for final disposal is given by the Swedish
competent authorities.

INTRODUCTION

According to Swedish law, the Nuclear Power Companies have the
responsibility for the safe handling and disposal of all radioac-
tive material resulting from the operation, maintenance and
decommission of their nuclear facilities.
SKB has been commissioned by its owners, the Swedish Nuclear
Power Companies, to plan, design, construct and operate all
systems and facilities needed to safely manage the radioactive
waste.
In the waste management system the radioactive waste is separated
into three different groups: high level waste (e.g. spent fuel),
reactor waste (i.e. operational waste) and decommissioning waste.
This project is dealing with the low- and intermediate level
rector waste for which a final repository (SFR) has been taken
into operation.
The repository is located in the bedrock under the Baltic Sea,
close to the Forsmark Nuclear Power Plant north of Stockholm.
The repository concept is to contain the radionuclides for such a
long time that most of the activity has decayed before release to
the biosphere.
In the repository, different types of rock chambers has been
excavated. The main part of the radioactivity will be allocated
to the chamber with the most extensive barriers (the Silo). In
the other types, which consists of four caverns with more or less
complex barrier system, approximately 10 % of the total activity
will be deposited (but 75 % of the waste volume).
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In this project a methodology to ensure that the assumed perfor-
mance of SFR will be fulfilled, with the various waste forms and
packages that are or are intended to be produced at the Nuclear
Power Plants and at the research centre Studsvik, has been
developed.
Different categories of waste will be allocated to different
parts of the repository, in accordance to its activity content,
chemical and physical properties, size, weight etc. The waste is
divided into types. Each type is defined in a Waste Type Descrip-
tion, WTD.
In the Quality Assurance Programme for reactor waste the WTD is
an essential tool. The WTD is the link between the waste producer
and the repository and limiting parameters for the entire hand-
ling sequence are highlighted and quantified.

DESIGN AND BASIC SAFETY ASSESSMENTS FOR SFR

Design basis
The SFR has been designed to make possible a simple and control-
lable as well as a safe disposal of the low- and intermediate
level radioactive material arising from the operation of the
Nuclear Power Plants in Sweden.
The design and location should assure such isolation of the waste
from the biosphere that the dose effects would be well below the
ICRP limit, 1 mSv/a, in the immediate vicinity of the facility.
The design goal has been set to 0.1 mSv/a.
Safety during the post-closure period should not be dependent on
checking or corrective measures.

General design of the repository
The repository is located to the bedrock under the Baltic Sea,
with a rock cover of about 60 m. This location ensures a very
small hydraulic-gradient and thereby the groundwater flow is low
in the repository area. It also ensures that no one will drill
for drinking water in the vicinity of the repository for at least
1000 years. After that time the land uplift, if continued with
today's rate of 6 mm/a, would have raised the shallowest sea bed
formations above the sea level.
As long as the Baltic Sea is recipient for radionuclides released
from the repository the dilution capacity is very high.
The SFR has various storage chambers, Figure 1, with different
barriers, depending on the waste to be disposed of. The function
of the engineered barriers, during the post-closure period, is to
limit the release of radioactivity to the groundwater. During
operation of the repository the engineered barriers limits the
dose to the staff.

188



Figure 1 General layout of tunnels and caverns, phase 1
1= Silo
2= BTF (cavern for concrete tanks with ion exch. resin)
3= BLA (cavern for LLW)
4= BMA (cavern for ILW)

The most active waste are deposited in concrete silo(s) sur-
rounded by a clay barrier with low permeability. This ensures a
nuclide transport governed by diffusion. A silo is 50 m high, 28
m in diameter and situated in a 70 m high cylindrical rock
cavern.
160 m long rock caverns will be used for the less radioactive
waste. The design of the caverns is dependent on the type and
dose rate of the waste packages. The release of radionuclides
from these caverns is mainly by the groundwater transport through
the caverns.
The total amount of waste foreseen for disposal in SFR is
90000 m-^. This is the volume of treated and packed reactor waste
from the Swedish program up to the year 2010.
The layout of the tunnels and caverns allows future extension of
the repository to accommodate waste from decommissioning of
nuclear power plants.

Waste categories and activity contents
The waste, stored in the SFR, consists mainly of ion-exchange
resins and filter material from different water treatment sys-
tems. Other waste categories are contaminated components and
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material, trash and ash from the incineration of combustible
waste. Before transport to the SFR, the waste is treated and
packed by the waste producers into the following main packagings:
- Concrete or Steel boxes (1.2 x 1.2 x 1.2 m)
- Steel drums (200 1)
- Concrete tanks (3.3 x 1.3 x 2.3 m)
- 20' or 10' freight containers
Matrices used for immobilization of ion-exchange resins are
cement and bitumen.
The division of waste into different chambers is based on ac-
tivity content considerations as well as the stability and long
term performance of the packages.
The total estemated activity content of 1016Bg (at the year 2010)
will be distributed between the different repository parts as
followes:
Silo =92% ; BMA = 6% ; BTF =1.4% ; BLA < 1%
Dominating nuclides are Cs-137, Co-60, Ni-63 and Sr-90. After
decay during 1000 years the nuclides of highest contents are Ni-
59, Pu-239, Pu-240, Tc-99, Am-241 and C-14.

Assumptions in the Safty Analyses
Safety analyses for the post closure period has been separated
into two time periods. The first period (the Salt Water Period)
starts with the sealing of the repository and is concerning the
time during which the Baltic Sea is recipient for released
radionuclides. The second time period (the Inland Period) is
assumed to commence 2500 years after sealing. For this period a
fresh water based ecology has been assumed.
For the calculations of the transport of radionuclides from the
repository, a reference case has been developed for each chamber
and time period. The choice of reference case has been made so
that dominating transport and release mechanisms are considered
in a reasonable pessimistic way. In the final safety report for
SFR numbers of variations has been analyzed in order to quantify
the importance of different assumptions and conservatisms intro-
duced in the simplified reference calculations. In this summary
only the reference case is considered.

Basic assumptions for the analyses are:
The distribution of activity between the different chambers
are the same as mentioned above. The total amount of waste
is 90000 m3.
All the radionuclides are considered capable of being
instantaneously dissolved in the pore water of the waste
matrix.
Sorption of radionuclides on concrete and bentonite has been
considered with different capacities for the two time
periods analyzed.
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Ground water flow has an upward direction, to the Sea,
during the first period. It is also assumed that the water
flow takes place in a strongly canalized form. This imply
that no sorption in the rock mass has been considered during
this period.
The land uplift gives an increase in the ground water flow
of a factor 10 during the second time period. The flow
direction is now horizontal and at least 1000 m in length.
Sorption has been taken into account in this calculations.
In the analysis for the second period it is assumed that no
release of radionuclides have occurred the first 2500 years,
only decay has been accounted for.

Estimated dose commitment
The dose commitment from SFR, calculated for the two time pe-
riods, is given in Figures 2 and 3 respectively. From the figures
it is seen that the individual dose commitment is well below the
design goals.

Dose Rate (Sv/y)

1ÔÔ ^

— —— — — Design Goal — — — — — —

10 100 1000 10000

Figure 2 Calculated annual dose to the most exposed individual
during the Salt Water Period

Dose Rate (Sv/y)

10-
: ICRP Limit

— — - Design Goal— — — — — — —

10 100 1000 after sealing)

Figure 3 Calculated annual dose to the most exposed individual,
during the Inland Period
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The accumulated population dose commitment integrated over 10.000
years is small compared with the population dose expected to
arise from the normal operation of the nuclear power plants untilthe year 2010.
Bearing in mind the effects on the environment of the SFR plant,
even in the case of analyses performed in a pessimistic manner,
have proved to fall far below current design goals for other
plants in the nuclear power cycle, and only constitute an insig-
nificant contribution to the natural radioactive environment of
the area, the safety of the plant must be regarded as adequate.

ACCEPTABILITY OF WASTE FOR FINAL DISPOSAL
Before a waste package is disposed of in SFR, it has to be proven
suitable for transport, handling and disposal.
Every package has to be accepted not only by the producer and
SKB but also by the Swedish competent authorities, SKI and SSI.
The packages (in total approx. 50000) are divided into waste
categories and types. Each type is described in a Waste Type
Description (WTD) which acts as a safety report. The application
for final disposal of a waste type is given to the authorities by
SKB based on the WTD.

Quality Assurance Programme
This section describes the methodology for Quality Assurance of
Low and Intermediate Level Radioactive Waste by using the Waste
Type Descriptions (WTD).

HANDLING SEQUENCE

REQUIRED FUNCTIONS

PRODUCT COMPOSITION
AND VARIATION

PRODUCT INVESTIGATIONS

ALLOWABLE PROCESS
VARIATIONS

*• QUALITY CONTROL

Figure 4 General scheme for quality assurance of waste

192



The aim of the QA-prograitune is to ensure that the product (waste
package) fulfills relevant requirements on treatment, handling,
transport, deposition and final disposal. The Waste Type Descrip-
tion is intended to be a link between the waste producer and the
repository. In the WTD limiting parameter values are highlighted
and quantified.
For the handling and transport of waste the purpose of the QA-
programme is to ensure that a safe function during normal and
accidental conditions can be assured.
Concerning the storage phase the purposes of the Quality Assu-
rance programme for reactor waste is first to ensure that the
assumptions made in the safety analysis are fulfilled. At least
the assumptions should not be found to be nonconservative. A
second purpose is to get a better understanding of the long term
behaviour of the waste in order to, before sealing, make a more
realistic assessment of the environmental impact from the reposi-
tory.
The procedure to establish and verify acceptable parameter values
for a waste package for final disposal in SFR can be summarized
in the following steps:
1. For each step from collection of raw waste through the final

disposal the requirements on the function are set.
2. Each functional requirement are "translated" into require-

ments on properties. The envelope of these requirements are
used as acceptable parameter values (waste acceptance
criteria).

3. Control requirements are set on vital parameters. It should
be noted that all requirements are not necessarily quantita-
tive but could also be qualitative.

In addition, all relevant information should be kept and trans-
ferred from the producer to the repository before the package is
deposited. This is done by a computer system.

Waste Type Descriptions
Following the above mentioned procedure the contents of the WTDs
has been developed. The organization is identical in all WTDs.
A waste category is defined by its origin, type of raw waste
material, the way it is treated and the packaging to be used.
Small differences within a category may result in a different
waste type description (e.g. different cement processes are used
for solidification of ion exchange resin). Today over 20 catego-
ries and 40 waste types have been recognized.
The procedure for acceptance of a waste type can be summarized as
follows :

The waste producer prepare a WTD in cooperation with SKB
SKB has the formal responsibility for the licensing of the
waste type. Based on the WTD an application for transport to
SFR and disposal in SFR in a certain cavern is given to
SKI/SSI for approval.
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SKI and SSI have organized a joint working group to review
the application and give recommendations to their respective
organization for decision.

The contents of a WTD covers all steps from collection of waste
through final disposal. The assumed function of the waste during
handling and disposal is the base for requirements.

The structure of a WTD is indicated in the following:

* Handling Sequence and Functional Requirements
All steps in the handling sequence are reviewed,

collection/sorting of raw waste
production of waste packages
interim storage on site
transport to SFR
handling in SFR and final disposal.

Functional requirements concerning normal and accidental condi-
tions are defined for each step. It should be noted that func-
tional requirements for final disposal could be different for
different types of waste bound for the same cavern in SFR. The
reason is that "good" properties in one waste type could be
accounted for when setting the requirements for other waste
types.
The functional requirements are not possible to measure in the
process. Therefore these requirements are "translated" into
parameter values that are measurable and corresponds to the
functional requirement.

* Requirements on Characteristics
For each step in the handling sequence significant properties
are derived and if possible quantified. This reflects general
handling and managerial requirements as well as radiological,
chemical and mechanical properties. Limiting values on these
properties are regarded as waste acceptance criteria.

* Waste Type Data
The appropriate data on the waste type is given. The data are
divided into the following groups:

Raw waste material
Solidification material
Packaging
Solidification Process
Product composition, recipe

* Results of tests and analyses
To verify the requirements given by the limiting parameter
values, tests and analyses are performed. The results of these
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works are summarized in the WTD. Many of the tests are performed
as "type tests". These are mainly done as inactive tests which
allows careful examination.
Extensively used cross-referenses between functional require-
ments, limiting parameter values and tests makes it easy to see
if the product is suiteble for its purposes.

* Control actions
The quality control measurements performed during the sequence
from collection of raw waste to the final disposal of the waste
package is defined. Control measures are mainly performed by the
waste producers. The aim is to verify that the requirements given
to the type are fulfilled. Defined control actions are complement
to type tests performed.

* Documentation
Documentation relevant for the waste type are stored in a SFR-
reference-library
All adequate information on each individual waste packages are
recorded and stored. The information includes not only parameters
used in the safety analysis, such as radioactivity content, but
also information that could be of any interest in the future. All
information is transferred to a SFR-data-base before the packages
is deposited in the repository.
The SFR-data-base includes restrictions and requirements concer-
ning the handling and disposal of the waste such as information
on the cavern to be used. After disposal the actual location of a
waste package is recorded in the SFR-data-base.

CONCLUSIONS AND DISCUSSION

In the safety assessment of SFR different requirements on perfor-
mance of the waste is raised in different parts of the reposi-
tory.
Depending on the design of the different chambers, properties
like swelling and gas production can be of grate importance. In,
for exampel, the silo, which is an almost solid body, these
phenomena could lead to disturbances in the barrier functions
whereas in the rock caverns they are of minor relevance.
An important conclusion consequently is that it is essential to
compare requirements on the waste package with the actual reposi-
tory, or part of the repository, to be used.
In a cemerrt-based repository, like the SFR, one of the more
important assumptions is concerning the sorption capacity of
radionuclides in the concrete. It is a major task in the Quality
Control of the waste packages to ensure that, for example,
complexing agents not are incorporated in the waste in signifi-
cant quantities.
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The waste Type Description has been found to be a useful tool to
see the interrelationship between the individual components in
the total waste handling system and to focus on relevant para-
meters.
The standardized format in the Waste Type Description facilitates
the review of different waste types.
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Abstract

The effects of radiation on the properties of intermediate level waste
forms relevant to their storage and disposal are being determined as part
of a wider programme of characterisation of low and intermediate level
waste forms initiated by the Commission of the European Communities. The
aims of this work are to provide immediate data on the effects of radiation
on important European intermediate level waste forms through accelerated
laboratory tests; and to develop an understanding of the degradation
processes so that long term effects at low dose rate can be predicted with
confidence from short-term experiments at high dose rate.

The programme includes cement waste forms containing inorganic wastes,
organic waste forms, and cement waste forms containing a substantial
component of organic waste. This paper summarises our findings during the
course of this programme.

1. INTRODUCTION

1.1 UK Strategy

In the UK, successive governments since 1977 have pursued a
strategy of disposing of radioactive waste rather than storing it
indefinitely. This policy is based on the recommendations of the Royal
Commission on Environmental Pollution, in its Sixth Report (1976) .
This suggested that no large-scale programme of nuclear power be adopted
until it has been demonstrated "that a method exists to ensure the safe
containment of long-lived highly radioactive waste beyond reasonable
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doubt for the indefinite future". Such a requirement clearly cannot be
f 2)satisfied by the use of storage. In 1982 the Government said that

".... appropriate solutions are available with the use of present
science and technology .... waste management is not therefore a barrier
to the further development of nuclear power as now foreseen".

The most recent statement of UK Government strategy was given in
( 311986 . "it is Government policy that wastes should be disposed of

under strict supervision to high standards of safety and the periods of
storage should be the minimum compatible with safe disposal. For heat-
generating wastes this means storing the wastes for at least 50 years to
allow them to cool. For low level and intermediate level wastes it is
desirable to dispose of them as soon as possible, and to avoid the
creation of additional accumulations and the provision of costly and
extensive storage capacity".

The Nuclear Industry Radioactive Waste Executive (Nirex) was set up
in 1982 by the nuclear industry to implement the UK strategy for the
disposal of solid low level and intermediate level waste produced by the
nuclear industry, by users of radioactive materials in hospitals,
industry and research organisations, and by the Ministry of Defence.

Nirex is now concentrating on the development of a deep underground
repository for low level waste (LLW) and intermediate level waste (ILW).
Nirex's task will be to dispose of a total of about one million cubic
metres of LLW and 0.3 million cubic metres of ILW by the year 2030,
while satisfying the safety criteria set by the Government.

1.2 Radiation Effects

The effects of radiation on the properties of intermediate level
waste forms relevant to their storage and disposal are being determined
as part of a wider programme of characterisation of low and intermediate
level waste forms initiated by the Commission of the European
Communities. The aims of this work are to provide immediate data on the
effects of radiation on important European Intermediate Level Waste
forms through accelerated laboratory tests; and to develop an
understanding of the degradation processes so that long-term effects at
low dose rate can be predicted with confidence from short-term
experiments at high dose rate.
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The programme includes cement waste forms containing inorganic
wastes, organic matrix waste forms, and cement waste forms containing a
substantial component of organic waste. This paper will summarize our
findings during the course of this programme ' ' .

2. GAMMA IRRADIATION EXPERIMENTS ON CEMENT GROUTS

The effects of radiation have been studied mainly by external tf
irradiation in the Harwell spent fuel storage pond at a dose rate of
3 Gys so that a reasonable dose can be accumulated in a manageable
time. In most of the work sample irradiations have been continued to a
total dose of 9-12 MGy. As a result of radiation heating at this dose
rate, samples reached an equilibrium temperature of 50-52°C during
irradiation. Consequently, control samples have been maintained at this
temperature for comparison. The objective in all cases was to isolate
the effects of radiation from other associated effects such as radiation
heating or cement ageing.

2.1 Physical and Dimensional Stability

The majority of cement matrix wasteforms and cement grouts do not
show significant signs of deterioration as a result of irradiation.
Some show a colour change, that is often, but not always restricted to
the surface. These are not associated with any other significant effect
and presumably reflect changes in the internal chemical environment in
those waste forms.

Blast furnace slag (BFS)/Ordinary Portland Cement (OPC) grouts have
exhibited chipping, cracking or total disintegration during Y
irradiation. Experience with other grouts or cemented wastes
suggests this phenomenon is not common. It has only been observed
previously with certain specific waste streams, notably borates
immobilised in cement.

The phenomenon of disintegration or spalling and cracking of some
cement matrix waste form materials during irradiation have origins which
are not simple to identify. Two possible mechanisms are: the expansive
growth of a solid phase; and gas pressure build up in closed pores. The
development of stress around closed pores by gas pressurization would be
dose rate dependent. Up to a maximum equilibrium limit defined by the
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kinetics of the individual radiolytic processes, the pressure which can
develop within a pore will be defined by a balance between the rates of
gas production within it and permeation away from it. The rate of gas
production is dose rate dependent. The growth of solid phases would not
necessarily be dose rate dependent, but rather depend on total dose. To
explore the possibility that gas pressurization is the predominant
mechanism for failure, the effects of IS irradiation over a range of dose
rates on BFS/OPC matrices are currently being investigated.

2.2 Compressive Strength

There is no evidence that ? radiation affects the compressive
strength of wasteform materials. This is a difficult property to
measure in irradiation experiments because the effects of heating by
radiation must be taken into account. In addition there is always a
degree of scatter in the measurements which makes it difficult to
identify small effects. In the case of samples which failed during
irradiation, when it was possible to obtain strength measurements there
was no change in strength before disintegration occurred.

2.3 Gas Evolution/Absorption

A consistent picture has emerged of gas evolution/absorption of
cement grouts and cemented inorganic wasteforms. A knowledge of this
effect is important for several reasons: to provide data for design of
ventilation systems; for safety cases, to assess the possibility of the
formation of explosive gas mixtures in the drums, or in large voids in
the wasteform; and to assist in understanding the detailed radiolytic
processes.

Studies of the compositions of evolved gases have shown that, in
the absence of nitrates :

1. For OPC and BFS/OPC grouts hydrogen is evolved with G(H )
lying in the range 0.06-0.21 for a water/cement ratio of 0.36

2. For PFA/OPC grouts hydrogen evolution is reduced compared to
OPC and, in certain circumstances completely suppressed.
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3. Oxygen is absorbed for all grouts investigated. This is in
contrast to work in progress on alpha irradiation of inorganic
cements where hydrogen and oxygen are produced.

4. For OPC oxygen is evolved after an accumulated total dose of
20 MGy

5. Oxygen is absorbed in BFS/OPC grouts without the presence of tf
irradiation, but is enhanced by it.

The inclusion of nitrates in cement grouts modifies the
composition of evolved gases such that hydrogen evolution is suppressed
and the grout system becomes a net producer of oxygen.

The oxygen consuming process is not fully understood and difficult
to explain in terms of known radiolytic reactions which predict oxygen
evolution (in the case of pure water). The importance of dose rate is
also not known. Three mechanisms may be suggested: (1) Surface

2+ 2+ 2-absorption; (2) Oxidation of reduced species eg Fe , Mn and S as
( 81suggested by Christensen . The oxygen absorbing limit would depend on

the amount of reduced species present. It should also be possible to
absorb oxygen in the absence of radiation by this mechanism: (3) Cement
gel stabilisation of the radiolytic oxygen species: Possibly hydrogen
peroxide formed during irradiation is absorbed by the calcium silicate
hydrate.

3. THE EFFECTS OF ALPHA AND GAMMA RADIATION ON WASTE FORMS CONTAINING
ORGANIC MATERIALS

3.1 Background

Organic materials in cement grouts are susceptible to chemical
degradation as a result of the highly alkaline environment and
radiolytic degradation. Cellulosic materials in particular are widely
reported to_be very susceptible to alkaline and oxidative degradation.
Likely products are sugars and carboxylic acids such as saccharinic
acid. These are capable of reacting with the cement matrix. The

203



interaction of ionising radiation with polymeric organic materials
produces radical species, which result in three kinds of effects:

(a) The radical sites are formed on the carbon framework of the
polymer and result in bonds being formed between adjacent
carbon chains producing a "cross-linking" effect.

(b) The radicals produced are single atoms or small groups, eg
H02
CO,
HO , CH , etc., and may result in gaseous products, eg H ,

(c) The radicals produced are of small organic molecules combining
carboxylic, amino and carbonyl functions. These may react
with the cement. The radicals produced by the radiolysis of
water present in the waste form may also react with the
organic polymer.

Possible consequences of the above radiolytic effects may be:

1. For waste containing actinides, increased actinide solubility
may occur as a result of formation of water-soluble complexing
agents.

2. For actinide contaminated material, increased actinide
solubilities may occur as a result of local reduction in pH
due to formation of acidic species, e.g. HC1, SO , CO .

3. Deterioration of the matrix as a result of interactions
between acidic products and cement hydration products.

4. Enhanced drum corrosion as a result of the formation of acidic
products which may lead to regions of low pH, and the
generation of chloride from Polyvinylchloride (PVC).

The type of radiation, i.e. a or # could have a significant effect on
the yields_of the various products from radiolysis.
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3.2 Combustible Plutonium Contaminated Material

Table 1 gives an average composition of plastic and cellulosic
materials arising from glove box operations in the UK. Gamma and alpha
irradiation studies have been made on both shredded and powdered
components of plutonium contaminated material (PCM) incorporated into a
matrix of 3:1 pulverised fuel ash (PFA): ordinary Portland cement (OPC)
at a water/cement ratio of 0.5

TABLE I
Composition of Plutonium Contaminated Waste

Percent by
Weight

Material Source

58

23

12
6

PVC sheet

Rubber :
\ Hypalon
(chlorosulphonated)
polyethylene)

\ Neoprene
(polychloroprene)

Polyethylene
Cellulose

Polypropylene

Glove box posting out
bags with rubber ti-
ring, bags.

Low ash type gauntlet
gloves, with integral
0-ring

Medium grade gauntlet
gloves, with integral
rubber 0-ring

Bottles

Tissues, paper towels,
writing paper,
cardboard

Filters

3.2.1 Experimental

Three different irradiation conditions have been investigated.

1. tf irradiation carried out in Co cells at a dose rate of_ _i
0.1 Gys at 25°C on shredded PCM simulant wasteform. Samples
were cast in the form of right cylinders in the range of
diameters 4 to 15 cm. Some samples were irradiated in cans in
which they were cast, fitted with a vented lid; some were
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decanned and irradiated exposed to air, others irradiated
immersed in water.

2. # irradiation carried out in the Harwell spent fuel pond at a
dose rate of 3 Gys at 50°C to a total dose of 9 MGy on
shredded and powdered Polyvinylchloride (PVC) and cellulose.
This was to investigate the two potentially reactive organic
materials present in PCM.

3. a irradiation studies on powdered and shredded combustible
PCM. Powdered components of the PCM were used in order to
achieve uniform mixing of the various materials in the matrix.
The material was contaminated with Pu -238 oxide powder, well
shaken and left for ten days before immobilisation in grout.

_pOThree different dose rates were studied, namely 3.1x10 ,
6.9xlO~2 and o^xlO^Gys"1.

3.2.2 Physical and Dimensional Stability

Under the Y-irradiation conditions of 0.1 Gys , ambient
temperature, irradiation to a total dose of 0.8 MGy under wet conditions
caused samples to swell, and in the case of vented can samples (11.3 cm
diameter) swelling was sufficient to cause cans to burst at the folded
seams. Decanned samples irradiated in air showed shrinkage with
considerable water loss. It is believed that swelling is due to
internal gas generation and the difference in behaviour may be
attributed to the water content of the cement matrix, wet cement being
less permeable to gas than dry cement.

Shredded cellulose samples exhibited signs of cracking after tf
irradiation to a total dose of 9 MGy at a dose rate of 3 Gys . In
contrast all the powdered cellulose samples showed no signs of damage.
However at a total dose of 3MGy, samples containing shredded PVC showed
signs of fragmenting and at a total dose of 9MGy complete
disintegration. Powdered PVC samples remained intact.

For all a-irradiated samples slight swelling occurred during
initial curing of cement, however there was no significant volume change
as a result of cc-irradiation on the cured waste form.
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Samples of shredded PCM in a PFA/OPOC matrix have been irradiated
total a dose of 4 MGy at a d<

significant swelling or cracking.
to a total a dose of 4 MGy at a dose rate of 0.06 Gys without

The results obtained to date show that the effect of radiation on
cemented PCM is influenced by the type of radiation and that the
physical form of the PCM may also affect the physical stability of the
irradiated waste form.

3.2.3 Gas Evolution/Absorption

Gas analysis at intermediate stages of tf irradiation showed that
hydrogen was evolved and oxygen absorbed. There is some evidence that a
small amount of HC1 gas is produced from samples "X irradiated in
closed containers, the amount being dependent upon the dimensions of the
sample and the surface area exposed to the atmosphere. Chemical
compositions and values of pH of the extracted pore solutions have been
determined. Control samples maintained at 50°C do not show any change
in pH. However for PVC samples that have undergone TC-irradiation the pH
falls from 13.3 to 9.8. This fall in pH may be attributed to the
formation of HC1 from radiolysis of PVC. A chloride concentration of
'v-lM was found in the extracted pore fluid. Associated with this high
chloride concentration was an increase in calcium concentration from
•vlmM to 'v.ZSOmM after irradiation. This increase in calcium
concentration may be attributed to reaction of HC1 with calcium
hydroxide and calcium silicate hydrate. The reduction in pH may have
implications for actinide retention and the high chloride levels present
may have implications for drum corrosion.

Gas analysis for a—irradiation of powdered PCM samples have shown
that hydrogen gas was evolved at a steady rate that was independent of
pressure. The hydrogen yields were:

Dose Rate (Gys~ ) G(H)0)

3.1 x 10~3

6.9 x 10~2

6.4 x lu"1

1.5
0.46

0.1
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The oxgen present in the initial atmosphere surrounding the cemented
blocks in closed cells is consumed at a steady rate until it is
exhausted. No HC1 or Cl„ has been detected in the gas.

3.3 Organic Ion Exchangers in Cement

A waste form specification has been adopted from work on the
encapsulation of organic ion exchanger beads in cement developed in the
UK by the CEGB.

Duolite C225 supplied by Rohm and Haas is being used as the waste
simulate. It is sulphonated polystyrene bead—type cation exchanger in
the sodium form. As supplied it is damp and has the following
properties :

Packed density 0.839 g ml"1

Voids in packed bed 32%

Loss in weight on prolonged drying
(= equilibrium water content) 37%

Change in volume after soaking in
demineralised water for 31 days Nil

In plant operations the spent ion exchanger will be used flooded
with water, i.e. the 32% voids in the settled material will be filled
with water (free water/saturated ion exchange beads = 0.38). This water
will be sufficient to hydrate the cement and give a readily miscible
mass at a water/cement ratio of 0.4, i.e. no additional water will be
required and dry cement powder only will be added to the waste.

3.3.1 Experimental

(9)Work by Haighton has shown that encapsulates of Duolite C225 in
OPC/BFS are unstable at OPCrBFS ratio greater than 1:9. Consequently a
9:1 BFS/OPC cement composition is being used. Dry cement powder is
stirred into flooded ion exchanger beads; the resultant mix is fluid and
readily pourable into containers. Samples were cast in the form of

carried out in Co cells at a dose rate of 0.15 gy s , to a total dose
right cylinders in the range of diameters 5 to 15 cm. tf irradiation was
carried out
of 1.3 MGy.
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3.3.2 Physical and Dimensional Stability

The results ' have indicated that samples in vented containers
and samples decanned and kept dry lost weight, whereas samples
maintained wet by immersion in water gained in weight.

The weight increases for decanned samples maintained wet indicate
that weight loss in other samples was due to evaporation of water.
Weight losses were small for samples in vented cans and large for
decanned samples under dry conditions. For samples in vented cans
weight loss was greater for unirradiated controls but for decanned
samples it was greater during irradiation; however, the differences
between results for controls and irradiated samples were not
significant. Loss of free water was much more rapid for the smallest
decanned, dry samples than for larger decanned samples.

After prolonged immersion in water irradiated samples began to
disintegrate but control samples kept under identical conditions
remained stable. The reasons for this behaviour remain unclear.

3.4 Mixed Ion Exchangers in Modified Vinylester Polymer

Real waste forms of this type have been produced in the UK by the
CEGB at Trawsfynydd.

3.4.1 Experimental

The waste simulate used as a 1:1 volume mix of flooded Duolite C225
and AW500 plus additional supernatent water. Duolite C225 is a strongly
acidic cation exchange resin based on cross-linked polystyrene with a
sulphonic acid functional group. It is in the sodium form in bead form.
AW500 is a synthetic zeolite (sodium aluminium silicate) cation
exchanger in the form of pellets. The simulate is thus a mixture of
organic and inorganic ion exchangers. Properties of the simulate are
shown below:

Density of settled flooded ion exchange bed = 1.36 g ml

Additional water percent by volume of settled bed = 6.2%

Density of total waste simulate = 1.34 g m
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The use of modified vinyl esters as a matrix for the immobilisation
of wet active waste was developed by the Dow Chemical Company Ltd. and
some details of the process are restricted to licensees. However, the
three components of the matrix are:

• Dow waste solidification binder 101:a vinyl ester prepolymer
dissolved in styrène.

• Catalyst = benzoyl peroxide liquid emulsion.

Promoter = N,N-dimethyl-p-toluidine, CH,.C,H..N(CH„)„. a
j D 4 o 2.

tertiary amine.

In the preparation of waste form samples, the Dow binder 101 and
catalyst are first mixed. The wet waste is then added. The rate of
addition of waste and the speed and type of stirrer must be chosen to
given an emulsion of waste in a continuous resin phase. Promoter is
added and stirring continued for another 1-li minutes. The mix is then
dispensed to containers. Gelation occurs 10 minutes after adding
promoter and complete hardness in approximately 1 hour. Samples were
cast in the form of right cylinders in the range of diameters 5 to
15 cm. % irradiation was carried out in the Co cells at a dose rate
of 0.15 Gy s to a total dose of 1 MGy.

3.4.2 Physical and Dimensional Stability

All dimensional changes were small after irradiation to 1 MGy '
and there was no indication that substantial swelling could occur at
higher doses as the progressive loss of water by evaporation produced a
shinkage in volume which would cancel out any swelling effect.
Differences in behaviour between irradiated samples and controls were
not significant. Results indicate that volume changes are controlled
by the rate of water loss and irradiation has little influence on
behaviour.

This waste form is a good, dimensionally stable system.
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4. THE EFFECT OF a RADIATION ON INCINERATING ASH IMMOBILISED IN A
CEMENT MATRIX

4.1 Experimental

A course fraction of pulverised fuel ash of a similar size
distribution to ash produced from operation of a prototype active
incinerator in the UK has been used as a simulant for the real waste
material. The ash was doped with plutonium-238 oxide to give the
required enhanced dose rate. The doped incinerator ash was mixed with
other incinerator ash and finally mixed into a cement grout at a loading
of 0.2 grams of ash per gram of dry cement solids. The grout
composition was a 9:1 BFS/OPC with a water/cement ratio of 0.36. 50 cm
diameter cylinders were prepared for measurement of gas release or
adsorption by the blocks during a—irradiation. Blocks were prepared
with different plutonium-238 contents to examine the effect of a dose
rate. 30 mm diameter cylinders were prepared for dimensional stability
and compressive strength determinations.

4.2 Physical and Dimensional Stability

No significant dimensional changes have been observed for radiation
doses of up to 70 MGy ' . The samples have remained in good
condition.

Crush strengths on non-irradiated and cc-irradiated ash cylinders
have shown that an increase in total a dose decreases the compressive
strength of the cemented ash. The strength of inactive control samples
was "o 19 MPa whereas the a-irradiated samples had a compressive strength
of ̂  4 MPa after a dose of 20 MGy but did not decrease further for doses
up to 45 MGy. The active samples may have been weakened by the
production of gas bubbles from radiolysis taking place during the
setting of the cement matrix.

4.3 Cement Evolution/Absorption

Hydrogen was produced at steady rates that did not depend upon the
radiation dose or the initial environment of either air or nitrogen
atmosphere ' . The production of hydrogen was strongly influenced by
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the radiation dose rate. The calculated G(H9) values are:

G(H ) = 0.45 at 2.6 mGy s"1z -10.2 at 0.2 Gy s
0.1 at 2 Gy s"1.

The behaviour of oxygen in the system is, however, more complex in
that the concentration of oxygen in the closed vessels initially falls,

% J
-1

but then becomes constant at 19.5% for a dose rate of 2.0 Gy s and
15.5% for a dose rate of 0.2 Gy s

The conditions of the gas experiments were changed in order to see
if the same equilibrium oxygen concentration could be reached from an
initial atmosphere of nitrogen containing no oxygen. The results showed
that oxygen is evolved and that oxygen concentrations are approaching
those observed in an air environment. The calculated yields for oxygen
production depended upon the radiation dose rate.

Hydrogen and oxygen are evolved as a result of the radiolysis of
water molecules which decompose into free radical species. There are a
number of possible reaction routes for the free radical species not all
of which result in the production of gaseous hydrogen and oxygen
molecules. Other possible reactions include recombination to reform
water and reactions with solid phases. It is possible that at the high
free radical populations produced by high irradiation dose rates there
is an increased occurrence of alternative reaction routes thus
decreasing the yeild of molecular oxygen and hydrogen gases.

5. CONCLUSIONS

1. The majority of cement matrix waste forms and cement grouts do not
show significant signs of deterioration as a result of Y irradiation.

2. Cracking and spallation can occur over a wide range of water/cement
ratios at a high dose rate
furnace slag compositions.
ratios at a high dose rate of 2.8 Gy s for grouts based on blast

3. Gas evolution is dependent on waste form and cement grout
composition. Differences in evolved gas composition have been observed
for oc and Y irradiation of cemented waste forms.
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4. The effect of radiation on cemented combustible PCM is influenced
by the type of radiation and that the physical form of the PCM may also
affect the physical stability of the irradiated waste form.

5. Organic ion exchangers in cement disintegrate after Ï irradiation
to ̂  1 MGy when they are irradiated immersed in water.

6. Mixed ion exchangers in modified vinyl ester polymer, show only
small changes in dimensions after % irradiation 1 MGy.

7. Incinerated PCM materials show no major dimensional changes after a
irradiation to 70 MGy. Hydrogen evolution is dependent on dose rate.
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SUMMARY OF PROGRAMME RESULTS

Participant

United Kingdom
Atomic Energy
Authority,
Harwell Laboratory

Dr. D.C. Phillips

Waste Characteristics

Combustible plutonium
contaminated waste.

Organic ion exchanger
Duolite C225

Mixed ion exchangers
Duolite C225 and
AW500
Plutonium contaminated
incinerator ash

Waste Form
Composition

Cement grouts

58% PVC sheet
23% Rubber
12% Polythene
6% Cellulose
1% Polypropylene

Shredded

Immobilised in
3:1 PFA/OPC grout
water /cement
ratio 0.5.

Immobilisation in
9:1 BFS/OPC with
water/cement ratio
0.4

Immobilisation in
modified vinyl ester

Immobilisation in
9:1 BFS/OPC water/
ratio 0.36

Measured
Properties

Radiation effects
Physical and
dimensional stability.
Compressive strength.
Gas evolution/
absorption.
a and tf
Radiation effects
Physical and
dimensional stability.
Compressive strength.
Gas evolution/
absorption.

T Radiation effects
Physical and
dimensional stability.

Ï Radiation effects
Physical and
dimensional stability.

y Radiation effects
Physical and
dimensional stability.
Gas evolution/
absorption.

Waste
Package

500 A
stainless
steel drum

500 8.
stainless
steel drum

500 A
stainless
steel drum

500 A
stainless
steel drum

Disposal
Concept

Deep
disposal

Deep
disposal

Deep
disposal

Deep
disposal

Comments

Understanding
of radiation
behaviour of
pure grouts .



EVALUATION OF LOW AND INTERMEDIATE LEVEL
RADIOACTIVE SOLIDIFIED WASTE FORMS
AND PACKAGES

N.K. GHATTAS, N.E. IKLADIOUS, H.A. SHATTA,
S.B. ESKANDER, T.A. BAYOUMI
Radioisotope Department,
Atomic Energy Authority,
Cairo, Egypt

Abstract

Comparative study, of the mechanical/ thermal and chemical properties of
the final waste forms, was reported aiming at evaluating the suitability of
cement and some thermoset and thermoplastic polymers as inert matrices for the
immobilization of medium active borate waste from nuclear power plants and
nitrate waste from reprocessing plants after their chemical treatment.

Different types of thermoset and thermoplast polymer matrices, namely
polymethyl methacrylate (PMMA), phenol-formaldehyde (PhF), styrenated
polyester and epoxy; have been prepared from their ingredients and used to
immobilze borate and nitrate waste.

Factors affecting the properties of the final waste forms; such as the
effect of waste/polymer ratio, the effect of accumulated irradiation dose and
the effect of water content in wt% of the incorporated waste; were studied by
measuring their mechanical, thermal and chemical properties.

Preliminary studies were carried out on the effect of chemical
insolubilization on the leachability of cesium from cement specimens in both
distilled and ground water. The effect of type and concentration of the
precipitating cations and the concentration of ferrocyanide anion on the
cumulative leach fraction have been investigated.

SCOPE OF WORK

The present study is part of a comprehensive research
and developing (R & D) programme in the field of waste
management aiming at preparing a well-trained team of
scientists with enough experience and awareness of the main
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difficulties that could be met with in handling/ transport,
treatment, conditioning/ storage and disposal of different
types of radioactive wastes.

The research programme was proposed and conducted by
Radioisotope Department/ Egyptian Atomic Energy Authority in
cooperation with the International Atomic Energy Agency in
the frame-work of two Research Coordination Programmes
(IAEA-RCP-2490 & IAEA-RCP-4310). The details of the research
programme is given in Annex I/ the reports presented to the
Agency (IAEA) in Annex II and the list of published papers
in Annex III.

The part of work presented in this report deals with
borate wastes originating from the primary cooling circuit
of pressurized water reactor and nitrate wastes from

reprocessing plant after chemical treatment.

Transformation of waste materials/ in liquid phase or
in solid phase (after drying)/ into homogeneous solidified
forms was achieved by immobilization in cement or in

different types of thermoset and thermoplast polymers namely
polymethyl methacrylate (PMMA)/ phenol-formaldehyde (PhF)/
styrenated polyester (PE) and epoxy. Factors affecting the
mechanical/ thermal and chemical properties of the final
solidified waste forms were investigated.

Evaluation of the final solidified waste forms for
spent lorv^exchange resins was studied in the first IAEA-RCP-
2490 and the results were given in IAEA-reports (Annex II,

1-5) and in published papers (Annex III, 1-5).
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O B J E C T I V E S

The present study aims at immobilization or trans-
formation of waste materials into monolithic homogeneous
solid forms. The immobilization process using cement and
different types of inert polymer matrices reduces the
potential migration and dispersion of radionuclides from
waste forms to the environment.

The primary objectives were to provide possible options
helping in choosing the proper immobilization media; to
improve the quality of the final waste forms and process
technology; to define the suitability/ range of applic-
ability and compatibility of the inert cement and polymer
materials relevant to a specific type of waste namely borate
and nitrate wastes.

SUMMARY AND CONCLUSION

I- Polymer Matrices

1- Borate Wastes

Different types of thermoset and thermoplast polymer
matrices/ namely polymethyl methacrylate (PMMA)/ phenol-
formaldehyde (PhF)/ styrenated polyester and epoxy; have
been prepared from their ingredients and used to immobilize
borate waste. Simulating borate waste solution were prepared
and uset3 as such or after being evaporated.

Factors affecting the properties of the final waste
forms; such as the effect of waste/polymer ratio/ the effect
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of accumulated irradiation dose and the effect of water
content in wt. % of the incorporated waste material; were
studied by measuring their mechanical/ thermal and chemical
properties.

The mechanical integrity of the final waste forms was
studied by measuring their compressive strength and
hardness. Arranging the polymer matrices in order of
decreasing compressive strength and hardness of their final
waste forms we have :

PMMA > Epoxy > PE > PhF

Increasing waste/polymer ratio/ no significant decrease
in compressive strength was observed up to 50 wt.% for all
types of polymers studied. Compressive strength data given
for polymer matrices loaded with 50 wt.% (even the lowest
values obtained) were comparable with the classical cement
matrix loaded with much lower wt.% of the same waste
materials.

Increasing water content of the polymer incorporated
waste decreases the compressive strength of the final
solidified blocks using PE and PhF. Epoxy resin and PMMA did
not polymerize when using wet waste.

No significant changes in compressive strength of PE
and PMMA waste forms were observed by increasing the
percentage of initiator used.

The radiation stability of the solidified inactive
borate waste forms 50 wt.% loading have been evaluated using
external radiation Co-60 source (25 rad/sec) for the same
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polymer matrices. After irradiation from (5 x 10 to 1 x 10
cads)/ the waste forms were subjected to compressive
strength and hardness measurements. Generally low doses
improve the matrix qualities whereas higher doses result in
decreasing the mechanical stability and cause deterioration
in properties.

7It was found that PMMA can tolerate up to 5 x 10 rads
while PE & epoxy tolerate up to 1 x lu rads before the
mechanical property was sharply deteriorated.

Thermal stability of the final waste-products using
different polymer matrices were investigated by measuring
thermogravimetry (TG)/ differential thermogravimetry (DTG).
Thermograms of pure polymers (PMMA/ PE/ Epoxy/ PhF) and
their corresponding loaded ones (50 wt.%) were similar.

The thermal properties of all types of polymers studied
were not highly affected by the incorporated waste
materials.

Loaded samples show a thermal peak at 100-120 °C due to
loss of intrinsic water. Degradation thermal peaks have not
been observed before 285 C for all polymer matrices
studied.

Chemical stability of the immobilized waste forms/ in
aqueous environments was investigated. Simulating waste
solution samples labelled with either radioactive cobalt-60
or ce~s"ium-137 were incorporated into different polymers and
subjected to leach test. For all incorporation media
studied/ the leach factors for cesium were always higher
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than those for cobalt using distilled or ground water as
leachant. The incremental leach fraction (Rn) were
calculated/ using the same leachants for cesium and cobalt.

Arranging the polymer matrices used in order of
increasing leach factors of their waste forms using radio-
active cesium we have the following :

PhF < PE < PMMA < Epoxy

This is true for both ground and distilled water leachants.

Increasing water content of the incorporated waste
using PE and PhF increases the cumulative leach fraction/
while increasing the waste load using PE/ PMMA and PhF
increases the cumulative leach fraction using distilled
water due to improper coating of waste aggregates.

The effect of compression and irradiation on leaching
properties of inactive waste forms were studied separate and
combined using the same polymer matrices by measuring the
change in weight.

Irradiation of borate waste immobilized in thermoset
8polymers (PhF & PE) to a total dose of 5 x 10 rads

decreases the leach values due to increasing cross linking
8while a dose of 1 x 10 rads was high enough to cause

degradation of borate waste immobilized in thermoplastic
polymer (PMMA) and consequently high leachability was

observed.

On the other hand leaching value of the therir.ofaet
waste forms was increased by compression/ while leaciWoility
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of thermoplastic waste forms was not significantly affected
by compression.

The effect of irradiation on leaching behaviour has
been also studied for labelled waste forms using cesium-137
as a tracer. Solid blocks using PE and PhF as immobilization
matrices containing 40 wt.% borate waste were irradiated

g
(2.7 x 10 rads) and then subjected to leaching. No
differences in cumulative leach rate were observed between
irradiated waste samples and unirradiated ones using PhF as
a matrix/ while using PE a slight improvement was observed
for irradiated samples.

More detailed informations are given in IAEA-reports
(Annex II, 10-12) and in published papers (Annex III, 6-8).

2- Nitrate Wastes

Proper chemical treatment of medium active waste from
reprocessing plant, separates the waste solution to a small
relatively high radioactive precipitate fraction and a
larger relatively low radioactive filtrate. The present
study is a trial to evaluate the final waste forms resulting
from incorporating the filtrate evaporate fraction into
polymethyl methacrylate (PMMA).

Samples containing more than 40 wt.% of waste and those
7receiving doses higher than 5 x 10 rads show remarkable

increase in the cumulative leach rate. No significant effect
was observed using different leaching solutions.
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More detailed informations are given in IAEA-report
(Annex II, 9) and in published paper (Annex II, 9).

II- Cement Matrix

Preliminary studies were carried out on the effect of
chemical insolubilization on the leachability of cesium from
cement specimens in both distilled and ground water. The
effect of type and concentration of the precipitating
cations and the concentration of ferrocyanide anion on the
cumulative leach fraction have been investigated.

More detailed informations are given in published paper
(Annex III, 10) and in IAEA-final report (Annex II, 12).
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ANNEX I

RESEARCH PROGRAMME

I- Radioactive Waste Materials :

1- Simulating MAW-evaporate from NPP (borate-waste).
2- Simulating MAW-concentrate from reprocessing plant

(nitrate waste).
3- Simulating labelled resins.
4- Inshas-Reactor resins (Research Reactor).

IT- Inert Matrices :

A- Polymer Matrices :

1- Polymethyl methacrylate (PMMA).
2- Phenol-formaldehyde (PhF).
3- Polyester (PE) .
4- Water extendable polyester.
5- Epoxy resin.
5- Styrène Divinyl Benzen.

3- Cement Matrix.
Ill- Characterization of Solidified Waste Forms :

1- Mechanical Properties :
a) Compressive strength.
b) Hardness .
Factors studied : i) Water content of incorporated

wastes.
ii) Mesh size of incorporated

wastes.

iii) Irradiation effect.

iv) Polymer/waste ratio.
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v) Type of wastes.
vi) Thermal Cycling

2- Thermal Properties :
a) Thermal conductivity.
b) Thermogravimetry (TG).
c) Differential thermogravimetry (DTG)
d) Differential thermal analysis (DTA)

3- Homogeneity :
a) Microscopic examination.
b) Radio'ne t r ically.

4- Chemical Properties :
a) Type of polymer.
b) Type of radionuclides.
c) Type of leacnant solution :

* Dcionized water.
* Underground water.

d) Irradiation effect,
e ) Coa t i ng .
f) Acid treatment.
g) Water content,

h) Thermal cycling,
i) Compression.
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ANNEX II

REPORTS PRESENTED TO IAEA

I- "Treatment of Spent Ion-Exchange Resins"
Research Coordination Programme CRP-2490/RB

1- N.K. Ghattas/ et al./ first progress report 1980.
2- 2nd " " March 1981
3- 3rd " " Sept. 1981
4- 4th " " March 1982
5- Final report March 1982
6- IAEA-RC-Meeting, Finnland/June 1980
7- IAEA-RC-Meeting, Canada/ 1981
8- IAEA-RC-Meeting, Egypt/ Cairo/ 1983

II- "Evaluation of Low- and Intermediate-level Radioactive
Solidified Waste Forms".
Research Coordination Programme CRP-4310/RB

9- N.K. Ghattas/ et al./ first progress report/ 1986
10- second progress report/ 1987
11- third progress report, 1988
12- final report, 1969
13- lAEA-RC-Meeting, Cairo, Erjypt, 1966
14- IAEA-RC-Meeting, Beijing, China, 1988

15- IAEA-RC-Meeting, Harwell, Uk, 1989
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K)
K)
00

SUMMARY OF PROGRAMME RESULTS

PARTICIPANT WASTE
CHARACTERISTICS

WASTE FORMCOMPOSITION MEASURED
PROPERTIES

COMHENTS

N . K . G h a t t a s Borate Waste Borate wast
in polymers1.Polyester
2. Epoxy3. Polyme-thyl

methacry
late

4. Phenol-
formalde
hyde

1.Thermal
proper-
ties
- DTG
-TG

2. Mechani
cal

I Thermal properties of all types of polymer
I matrices studied were not highly affected
I by the incorporated waste materials. Pure
I polymers show similar-thermal peaks as
I loaded ones.
1 - Arranging loaded polymers (SOwt.t) in order
' of decreasing compressive strength we have
1 PMMA >, Hpoxy > PE > PhF

ion ;
- hardness J

3. Chemical1
properties
-Leaching jbehaviour;

- Increasing water content of incorporated
waste decreases compressive strength of
final waste forms

- Compressive strength of waste forms for all
types of polymers loaded up to 50 wt. \
were acceptable

- Low irradiation doses improve matrix quality
where as higher doses results in deteriora-
tion of the mechanical properties.

- Waste fo-rms using PMMA tolerate only up to
5 x 10 rads others can tolerate up to
1 x 109 rads.

- Arranging the polymer waste form samples
in order of increasing leach factor we
have:

PhF < PE < PMMA < Epoxy- For all incorporation media studied, leach
factors for cesium were always higher than
those of cobalt using distilled and
undergroynd water as leachants.

1 Increasing water content of the incor-
porated waste in PhF and in PE increasedthe cumulative leach factors.
Increasing waste load percentage in-creased the cumulative leach fraction
using both distilled and ground water as
leachants.

. - The effect of compression and irradiation
i (preleaching processes) on leaching
! properties were studied separate and
i combined by measuring the change in weight
I of the final waste samples.
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