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ABSTRACT
During interim storage, the main evolution factor of bituminized wastes is radiolysis, due to self-irradiation. In
deep disposal conditions, after site resaturation and corrosion of the containers, the main evolution will be due to
leaching. This paper deals with two models designed to describe respectively radiolytic gas evacuation (JACOB-
2) and bituminized waste leaching (COLONBO), and some of the typical results obtained from these two models.
The first model describes radiolytic gas production, diffusive transport of gas, bubble nucleation and ripening
and movement under buoyancy.
The second one is based on descriptions of water sorption, solubilization, and diffusion into the matrix, water
uptake by the most soluble salts leading to alteration of the matrix and finally to diffusive transport of the salts
outside the bitumenisate.
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1-INTRODUCTION
The chemical compatibility of bitumen matrix with most of reagents used to decontaminate the radioactive liquid
effluents, its binding capacity, its waterproofing and its easy implementation at low temperatures, have led to the
choice of this material in France for the conditioning of low and medium activity waste resulting from effluents
treatment. About 70 000 drums of bitumenized wastes have been produced in France since 1966. The French
Atomic Energy Commission (CEA) and Cogema conduct research programs on the behaviour of bituminized
wastes both under long term interim storage conditions and deep geological disposal conditions.
Under interim storage conditions, gas is produced within the bitumenisate. In the case of « hard » bitumens, the
micro bubbles lead to fracturate the matrix and gas can escape. In France, Cogema uses « soft » bitumen because
it can be processed at lower temperature. Due to its viscous behaviour, it does not fracturate. Gases are then
evacuated by diffusion and by bubble migration [1-2]. Section 3 of this paper deals with JACOB2, a model of gas
evacuation in soft bitumen and on the experimental results.
Under deep geological disposal conditions, the main point will be water alteration of the bitumenisate. Numerous
studies have been already published about this subject [3-4-5-6]. Models have also been developed in order to
extrapolate experimental results to long term behaviour. Our model COLONBO and some correlated results are
described in section 4.

2 - LONG TERM BEHAVIOUR PHENOMENOLOGY
Chemicals and radionuclides embedded in the bituminized wastes depends especially on the nature of the
processed liquid effluents. The standard french bituminized waste typically involves one third of solubles salts
(sodium nitrate and sulfate) and two thirds of low solubility salts (mainly barium sulfate), see Fig 1. Typically,
salt content is 40% by weight while the mass content of radionuclides is negligible.

Fig 1 : SEMview of an inactive bitumenisate showing size distribution of salts and homogeneity
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The standard activity content is about 3 TBq per drum, mainly short and medium lived beta-gamma emitters
106Ru, 137Cs and 90Sr. Major alpha emitters ( a few GBq per drum) are 238Pu and 241Am.
The main phenomena driving the long term behaviour in dry or unsaturated conditions are : i) radiochemical and
physicochemical ageing, ii) vapour sorption, iii) biodegradation, iv) self irradiation.

Radiolytic oxydation is the only mechanism that is no insignificant in bitumenisate ageing. Irradiation
produces free radicals which lead to reticulation under anoxic conditions (eg in the bulk). In the presence of
oxygen, radio-oxydation may be observed with kinetics depending on dose rate and local oxygen
concentration [7]. However the impact of radio-oxydation is weak and limited to the free surface.[8]
Vapour sorption is controlled by the solubility of the most soluble salts. It cannot occur when relative
humidity is lower than 0.74 for NaNO3 at 25°C (chemical activity of the saturated solution).
Due to its organic nature, bitumen may be bio-degradated. Thermodynamics and experiments showed that
only a minor part of the matrix is concerned. Furthermore, it has been observed that the microbial activity
consumed most of light organic acids released [9].
Self-irradiation and associated gas production and potential swelling is the major phenomenon. Section 3 of
this paper is devoted to it.

Under water saturated conditions, the main phenomena controlling the long term behaviour are : i) sorption of
water at the interface and diffusion into the matrix, ii) dissolution and release of salts, radionuclides and organic
species. The main result of dissolution is a swelling of salts. Due to this local swelling, the bitumenisate becomes
porous and permeable, thus allowing release of salts,and radionuclides. A very few quantity of organic matter
may be released as well, but should not have any further impact on the near field.
Model Colonbo describes the chain of these major phenomena. Its description will be found in section 4.

3-BEHAVIOUR IN DRY CONDITIONS : MODEL JACOB2
Radioelements embedded in the bitumenisate interact with the bitumen matrix to produce gas, mainly hydrogen
(at least 95%). The quantitity produced essentially depends on the activity contained and radiochemical spectra.
Gas is supposed to be produced in the whole bulk. It solubilizes and diffuses in the matrix. Evacuation of gaz by
the free upper surface of the bitumenisate is slow. Accordingly, gas concentration increases in the matrix,
specially in the bottom of the drum where bitumen becomes over saturated. Then, if hydrogen concentration
goes on growing, bubbles will appear and swelling will occur. Bubbles are created in a sufficient number to
drain oversaturated hydrogen, so that concentration in the matrix decreases to near equilibrium. At least, it leads
to a steady state of diffusion. Without any other mean of gas evacuation, the only way of stopping swelling
would be a decreasing source-term (due to radioactive decay).
But, according to the viscous characteristics of the bitumen 70/100 used in France, bubbles can move in the
bitumenisate. This very slow movement increases very significantly the gas evacuation capabilities of the
bitumenisate, enough to stop swelling.
On the basis of these phenomena, observed on gamma iradiated samples, a ID model named JACOB2 has been
developed in order to describe the behaviour of the drums containing bitumenisates [10].
The bubble population is described by a distribution function F. It evolves due to nucleation, upwards drift and
interaction with the mean concentration of dissolved hydrogen C (the local fluctuations around bubbles are
averaged off to give the mean concentration C). This mean concentration evolves due to diffusion towards the
free surface (diffusion coefficient D), production by radiolysis (source term S proportional to the dose rate), and
gas absorption or release by the bubbles. The gas exchange between bitumen and the bubbles is described within
an adiabatic approach, like in the standard Lifshitz-Slyozov-Wagner mean field theory of Ostwald ripening [11].

The density of bubbles with radius between R and R+dR at height altitude z above the bottom of the drum,
and at time t, is noted F(R,z,t)dR.
The average hydrogen concentration in the bituminisate at altitude z at time t is C=C(z,t).
Small bubbles tend to vanish due to surface tension, while large bubbles tend to get larger(Ostwald
ripening): the local hydrogen concentration at the surface of a bubble of radius R is related to the pressure

2y P(R)
P(R)=P0+"jr in the bubble, where Po is the atmospheric pressure and y the surface tension factor: C- ^

p
where K= :=r~ is Henry's constant, and Csat is the solubility of hydrogen in bitumen. This induces a local

perturbation of the hydrogen concentration, and therefore a flux of hydrogen to or from the bubble, and

finally a change of the bubble size : RdR = D(C-Csat- "jr).



Nucleation is described by a term J : J(R,z,t)dRdt is the density of bubbles of radius between R and R+dR
created between t and t+dt. Heterogeneous nucleation is very complex and we will use a very simplified
description : no nucleation if C<Cmax, and bubbles appear with a radius distribution FS(R) to keep C < Cmax,
where Cmax is the maximum allowed hydrogen concentration related to the nucleation radius Rs

Bubbles drift upwards due to Archimedes buoyancy. Their speed is such that it is compensated by viscosity

where A^2pg/9r] (p density, T| viscosity). This expression neglects hydrodynamic interactions between
bubbles, deformations of bubbles, complex bitumen rheology,....

Our model is then embedded within two coupled partial differential equations describing the space and time
evolution of the bubble distribution function F and the mean hydrogen concentration field C, respectively,
associated with proper boundary and initial conditions. Swelling can then be calculated from the distribution
function as the integral of the bubble volumes :
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This model can be solved numerically.
At the same time, an experimental program has been built up in order to get the value of the main

parameters such as diffusivity constants, velocity of bubbles, ..., and to confirm the described phenomenology.
This could be performed using Xray photographies.
The evolution of bitumen samples during external irradiation with 60Co, and the possibilities of X-Ray pictures
can be seen on the exemple fig. 2 below.
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Fig 2 : X-rays pictures of bubbles ; successive phenomena observed

The most significant fact is that we demonstrated that gas bubble could move in a 40% weight bitumenisate at
room temperature. Experiments where conducted with balls of various specific gravity and bubbles. In this last



case, with a density gap of 1.4, measured velocities could be as low as a few Angstrom per second at 20°C. This
means that experiences must last several months ( distance covered are about half a mm per month) without any
technical problem to give an answer about velocity of bubbles and equivalent viscosity. From these experiments,
the deduced value of A.(v=A,R2) is 310"5 irf'.s"1.

The curve fig. 3 below has been obtained experimentally by external y irradiation. We can see :
• Solubilisation of radiolytic hydrogen in the matrix up to over-saturation ( no swelling)
• Nucleation of bubbles, whose number depends on the irradiation rate and on the size of salts,
• Swelling, due to imbalance between production and evacuation (mainly diffusion),
• Bubble rising, which leads to swelling stopping
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Fig 3: experimental curve : swelling of a y irradiated bitumen showing the succession of phases

Sensitivity of the model can be summarized in two figures : the first one (fig. 4) shows that the main parameter is
the gas source-term. To calculate these curves, we chose a real spectrum of radionuclides. Main values used for
the calculations are :

Diffusivity constant: 10"10m"2.s'1,
Nucleation radius : 20 um,
Bubble rising constant: X= 3 10~5 m'V1 (corresponding to Stokes' law viscosity of 10s Pa.s)
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Fig 4 : model JACOB2 : effect of gas production : source-term.

ising constant X varies from
(corresponding to rheology of bitumenisates at 30°C).
On fig 5, the bubble rising constant X varies from 0 (no movement, i.e. diffusion only) to 2.1CT4 nV'.s"1
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fig 5 : effect of velocity of bubbles : velocity constant

4-WATER UPTAKE, RELEASE OF SALTS AND RADIONUCLIDES
Model COLONBO has been developped on the basis of leaching experiments in order to describe the alteration of
a bituminized waste form. Bitumenisate can be considered as an homogeneous suspension of big (20um) soluble
salts and small (ljim) low solubility salts in a water proof medium : bitumen. Absorption of water at the surface
of the bitumenisate is followed by a diffusion inside due to a chemical potential gradient. When the activity of
water at a given point of the waste form is high enough ( 0.74 for NaNC>3 at 25°C), dissolution of the most
soluble salts occur. This dissolution sets the activity until the whole salt is dissolved. Therefore, we consider that
the water around and inside the waste form is essentially characterized by the concentration in the most soluble
salt (NaNO3). Dissolution of NaN03 is accompanied by a local swelling which alterates the bitumen matrix.
When the alteration is large enough, salts can diffuse outside the wasteform. Although we know that
radionuclides are associated with the low soluble salts, we overestimate their release, considering they are
available as soon as the permeable area is formed.
Accordingly, the analytical model considers 3 zones (see fig.7) : a dry zone, a(t)<x, where the chemical activity
is lower than the limit (0.74) and where water diffuses through the matrix and salts remain dry, a wet zone
b(t)<x<a(t), where salts take water up and are swelling, a permeable zone x<b(t) where salts are available and
can diffuse. Dissolution of sodium nitrate corresponds to a(t). External interface corresponds to 0. B(t) is the
position of the permeabilization front.
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fig 6 : 3 zones of COLONBO analytical model.



- The volume fraction occupied by bitumen is called p, the volume fraction occupied by soluble salts is called ps

(typically p~0.8, ps=0.07).
- The bitumen is water-saturated at the surface, so that the water concentration at the surface is equal to the
solubility of water in bitumen called Co (Co~278 mol.m"3

bjtumen).
- The diffusion coefficient of water in pure bitumen Db ~10"13 m2 .s"1. The diffusion coefficient of water in the
wasteform is estimated as Di=pDb.
- The soluble salts start to dissolve when the activity of water equals that of a NaNCVsaturated solution :
ad=0.74, Cd=ad.Co= 206 molwater.m"3bjtUmen- Accordingly there is no water uptake from a solution with water
activity smaller than â  (see also fig. 8).
- The quantity r of water required to dissolve NaNC>3 salts is r=l .08kg.kg"'sa|t.
- The transport of water in the moist zone is diffusive, with diffusion coefficient D2 and accumulation factor p2.
The model does not account for the swelling of the bituminisate so that we consider D2=D(. Furthermore, the
accumulation factor results from the porosity and from the retention R associated with dilution :
p2

=pR=p+ps(y/Ys)» where y and ys are the activity coefficients of water respectively in the bitumen and in the salt.
When the activity of water varies from ad=0.74 to 0.99, ys varies from 5.4 10"6 to 2 10"7msai,

J.molwater"'. We chose
a value in this interval giving R=70.
- The accumulation of water around sites formerly occupied by grains of salts induces swelling and alteration of
the bitumen between the vacuoles. The wasteform becomes permeable when the local swelling exceeds a given
threshold. One may consider, both from theoretical considerations and observations, that this happens when the
volume fraction of water in the wasteform reaches a threshold of the order of 50%, which corresponds to a water
concentration in the bitumen of about Cc=260 molwater.m~3bitUmen in our standard conditions.
- The transport in the permeable zone is also diffusive, with diffusion coefficient D3 and accumulation factor p3.
p3 can be set to the volume fraction of water in the wasteform at permeabilization threshold, i.e. p3=0.5. D3 is a
free parameter of the model: interpretation of leaching experiments leads to a value D3 = 10" 'V .s ' ' .
The above statements lead to the following equations :

Upper surface
Dry zone
Dissolution a(t)
Wet zone
Permeabilization (b(t))
Permeable zone
Core

C(0,t)=C0

p,3, C = D,9X
2C

C(a(t),t)=Cd, rdt a = D,3X C(a+)-D2axC(a'), a(0)=0
p23 tC = D29x

2C
C(b(t),t)=Cc, D33X C(b+)-D33xC(b"), b(0)=0
P35t C = D33X

2C
C(°°,t)=0

Due to diffusive transport, most of the quantities, such as water uptake, evolution of the fronts, amount of salts
released, will evolve as the square root of time. This is observed experimentally e.g. on Fig 7.
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Fig 7: Amount of leached NaNO3 vs ~\ft. Effect of activity of the leachant

If the calculations are carried on, we can evaluate the life-time of the drum when b(t)=L. The order of magnitude
obtained is 105 years.
Equations of this analytical model could not be set without simplifications. In order to simplify the system and to
get a better view of the impact of the parameters, a numerical model is being developed. This numerical model



will be able to take into account continuous variations of the transport properties between moist and permeable
zones, unequal diffusivities of water and salts in these zones and swelling.

5-CONCLUSION
In order to estimate the long term behaviour of bituminized wastes, either under dry interim storage conditions or
moist geological disposal conditions, two models have been designed and developed.
Although these models are intended to give conservative results, sensitivity studies allow us to classify the
parameters and thus the values that must be known more accurately. We can say here and now that parameters
which need to be consolidated are velocity of bubbles and associated rheology of bitumenisate in interim storage
conditions (gas behaviour) and diffusivities of water and salts in the altered zone in disposal (moist) conditions.
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