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Safety consequences of the release of radiation induced stored energy

ABSTRACT
i Due to the disposal of high-level•"wSs'te-t(HLW)'in a salt formation gamma— \P -•- C.-U-'.
energ-ywill be deposited in the rock salt. Most of this energy will be converted
into heat, whilst a small part will create defects in the salt crystals. It-has~been
.shown "that energy is stored in the damaged crystals. Due to uncertainties in the
models and differences in the disposal concepts the estimated values for the
stored energy range from 10 to 1000 J/g in the most heavily damaged crystals
close to the waste containers. The amount of radiation damage decays
exponentially with increasing distance from the containers and at distances larger
than 0.2 m the stored energy can be neglected. Given the uncertainties in the
model predictions and in the possible release mechanism this report concludes
that at this moment an instantaneous release of stored energy cannot be excluded
completely. Therefore the thermo-mechanical consequences of a postulated
instanteous release of an extremely high amount of radiation induced stored
penergy have been estimated. These estimations are based on the quasi-static
solutions for line and point sources. To account for the dynamic effects and the
occurrence of fractures an amplification factor has been derived from mining
experience with explosives. A validation of this amplification factor has been
given using post experimental observations of two nuclear explosions in a salt
formation. For some typical disposal concepts in rock salt the extent of the
fractured zone has been estimated. It appeared that the radial extent of the
fractured zone is limited to 5 m. Given the much larger distance between the
individual boreholes and the distance between the boreholes and the boundary
of the salt formation (more than 100 m), it is concluded that the probability of
a release of radiation induced stored energy creating a pathway for the nuclides
from the containers to the groundwatcr, is extremely low. The radiological
consequences of a groundwater intrusion scenario induced by this very
unprobable pathway are bounded by the 'standard' groundwatcr intrusionextrusion scenario used in the performance assessment (smaller than 10"8 Sv/a).
•

I
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1.

INTRODUCTION

Due to the disposal of high level waste (HLW) in a salt formation gamma
energy will be deposited in the rock salt. Most of this energy will be converted
into heat, whilst a small part will create defects in the salt crystals. An important
effect is the decomposition of the NaCl into (colloidal) sodium and chlorine.
This process has been described by different authors: Den Hartog [1-4], Groote
and Weerkamp [5], Garcia Celma [6-10]. It has been shown that energy is stored
in the damaged crystals. Typical values of 10 to 1000 J/g have been estimated
for the stored energy in the most heavily damaged crystals close to the waste
containers [11-13]. Furthermore the amount of stored energy decays
exponentially with increasing distance from the container and can be neglected
at distances larger than 0.2 m. The total amount of stored energy around one
HLW container is typically in the order of 1 GJ [14,15]. This energy will be
released if the metallic Na and Cl2 gas recombine to NaCl and thus restore the
perfect crystal lattice. Of direct importance for the safe disposal of radioactive
waste is the question whether mechanisms exist by which the stored energy can
be released suddenly. If these mechanisms cannot be excluded it has to be
investigated whether the release of the stored energy can create a pathway for
the nuclides from the containers to the groundwater.
Stored energy can be released through the recombination of sodium and chlorine
either via a thermally activated process which can be initiated if the temperature
is high enough or via a spontaneous back reaction which will occur if the
concentration of defects exceeds a certain percolation threshold. In differential
scanning calorimetry (DSC) experiments, which are performed to measure the
stored energy, the first recombination mechanism is applied. In these
experiments, the temperature of the samples is gradually increased and between
200 and 300 °C [1-10,16] (depending on the heating rate) the annealing process
of the radiation damage is initiated. Once this annealing mechanism starts, the
released energy will cause a rise in local temperature, thus leading to a faster
release of the remaining stored energy. In this way all stored energy will be
released quickly. Considering the temperatures at which the radiation damage
remains permanently present (< 50 °C) [11-14] there is a large safety margin for
this release mechanism because an external heat source which rapidly heats the
salt to 250 °C would be necessary. Such a heat source cannot in all
reasonableness be imagined.
A spontaneous back reaction will occur if a so-called percolation barrier is
exceeded. This will be the case if the concentration of decomposed salt reaches
12 to 30 volume per cent [1-4]. This implies that in cases where the sodium and
chlorine segregations are not uniformly distributed the stored energy can be
spontaneously released even if the average concentration is less than 20 to 30%.
It is not clear at what (low) average local concentration the percolation barrier
might be reached.
During laboratory experiments [5] some samples with an extremely high gamma
energy dose were completely shattered after the DSC measurement and
sometimes after the irradiation. In the fragments still a significant amount of
energy was found to be stored. It is not completely clear whether this shattering
of the samples is caused by a violent recombination of sodium and chlorine or
by mechanical stresses due to the high pressure in the chlorine segregations.
Given the uncertainties of the model predictions and the release mechanism it
has been concluded that at this moment stored energy cannot be excluded to be
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released completely [1-5,12]. Therefore the thermo-mechanical consequences of
a postulated release of an extremely high amount of radiation induced stored
energy have been estimated [14,15]. These estimations will be reviewed in this
report. The estimations are based on relations derived from a quasi-static
approach, elastic material behaviour and simplified source terms. Such a quasistatic approach ignores any dynamic effects as well as fracture induced stress
redistribution and therefore underestimates some of the thermo-mechanical
consequences. To account for the dynamic effects and the occurrence of
fractures an amplification factor has been derived from mining experience with
explosives [14]. A validation of the magnification factor has been given using
post experimental observation of two nuclear explosions in a salt formation.
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2.

MODELS FOR THERMO-MECHANICAL
CONSEQUENCES

2.1 Introduction
Given the uncertainties in the release mechanism, detailed numerical analyses of
the thermo-mechanical consequences have not yet been performed and analytical
approximations were considered to be more appropriate [14]. These
approximations are based on solutions for point and line sources in a
homogeneous elastic medium. The solutions for a point source are used to
estimate the consequences of the release of stored energy in the rock salt around
one container. The solution for a line source are used to approximate the
consequences of the release of stored energy in the rock salt around all
containers in one borehole at exactly the same moment [14].

2.2

Quasi-static solutions

2.2.1 Thermo-mechanical consequences of an instantaneous point
source
The temperature distribution T(r,t) due to an instantaneous heat source Q [J]
acting at the origin of a spherical coordinate system is known [17, 18]:
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Temperature distribution due to an instantaneous point source
(Q = 0.66 CJ; p = 2160 kglm3; c = 920 Jl(kg K);
K = 2.5 W6 nfls).
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where:
(2)
K = Heat distributivity X/pc
X = Heat conductivity coefficient
c = Specific heat
t = Time
The temperature distribution at some radial distances r from the point source is
given in Figure 1. In this figure numerical values from the reference case
handled in Chapter 3 are used. The temperatures in the area with r < 0.2 m (the
container radius) have not been plotted as they are not realistic due to the point
source replacing the distributed one.
The temperatures due to a distributed source can be calculated by a suitable
integration of the elementary solution in eq. 1 [19].
Assuming that the acceleration effects can be neglected, the radial and tangential
stresses are [17, 18]:

oT(r,t) = -Ik\erfy - 2 ^
(3)
ol&(r,t) = k
where:
A =

Ea

Q
47i(l -v)pc r3

(4)

E = Youngs Modulus
a = Linear thermal expansion coefficient
v = Poisson's ratio
Figures 2 and 3 provide graphs of the radial and tangential stresses as function
of the radial distance from the origin, for several values of /. It can be observed
from the figures that the radial stress is always compressive whereas the
tangential stress is compressive close to the point source and tensile at larger
distances. The stresses at small distances are rather high and decrease rapidly
with increasing radius or time.
To obtain a more accurate picture of the spatial distribution of the radial and
tangential stresses two more figures have been made with the stresses normalised
with -Ik resp. A. Figures 4 and 5 clearly show that after a short time the radial
as well as the tangential stresses approach the value -2/4 resp A. This implies
that after this initial period the stresses are proportional with r'3, see eq. 4.
In order to assess these stresses, the total state of stress has to be considered.
The total stress components can be found by superimposing the lithostatic
pressure p on the thermal stresses. The stresses can cause fracture when fracture
criteria for shear or tensile failure arc met.
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Radial stress due to an instantaneous point source
(Q = 0.66 GJ; p = 2160 kglnt; c = 920 Jl(kg K);
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Tangential stress due to an instantaneous point source
(Q = 0.66 GJ; p = 2160 kglnr1; c = 920 Jl(kg K);
K = 2.5 W6 m2ls; E = 30 GPa; v = 0.27; a = 4 W5 K1).
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Dimensionless radial stress due to an instantaneous point source.
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Two criteria will be considered .[20, 21]:

ii) G3 = T0
where:
xfr
an
TQ
o3

= shear strength [MPa]
= mean normal compression [MPa]
= tensile strength 2.4 MPa [20, 21]
= maximum principal stress [MPa]

The maximum shear stress is:

The mean normal compression o n is:

Combining eqs. 4,5, 6 and 7 leads to the following relation for the region where
the stresses do not cause shear fracture:

The tensile criterion is determined by the maximum principal stress o 3 which
equals the sum of o ^ and -p. Realizing that the tangential stress is always less
than A , the following relation for the region where the stresses do not cause
tensile fracture is obtained:
73

r > rt =

EaQ

(9)

When fracture occurs energy will be needed to create the free surfaces. It can
be anticipated, however, that this will be less than the elastic energy assumed in
the analysis. This implies that the real fracture zone can be slightly larger than
indicated with eqs. 8 and 9. As indicated above the neglect of dynamic effects
may also lead to an underestimation of the fracture zone. The magnitude of these
effects will be discussed in subchapter 2.3.

2.2.2 Thermo-mechanical consequences of an instantaneous line
source
The temperature distribution due to an instantaneous line source q [J/m] acting
at the axis of a cylindrical coordinate system is [17, 19]:

ECN-RX--94-056
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(10)

T(r,t)

The parameter Af| is given in eq. 2.
Assuming that acceleration effects can be neglected the radial and tangential
stresses are [19]:
3jr,f)

=-B(I-e**
(11)

atg(r,r) =
where:
B

Ea
2rc(l-v)pc

(12)

2
r

From these equations it can be observed that the radial stress is always
compressive whereas the tangential stress is compressive close to the location
of the line source and tensile at larger distances. The stresses at small distances
are rather high and decrease with increasing radius and time.
The assessment of these stresses has been performed in the same way and with
the same criteria as with the point source. The maximum shear stress is:

°r "
(13)

•V))

<M

The mean normal compression o~n is:

04)
Combining eqs. 12,13 and 14 now leads to the following relation for the region
where the stresses do not cause shear fracture:
(15)

The tensile criterion is determined by the maximum principal stress o~3 which
equals the sum of o tg and -p. Realizing that the tangential stress is always
smaller than B, the following relation for the region where the stresses do not
cause tensile fracture is obtained:
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r>rt-

When fracture occurs energy will be needed to create the free surfaces. It can
be anticipated, however, that this will be less than the elastic energy assumed in
the analysis. This implies that the real fracture zone can be slightly larger than
indicated with eq. 16. As indicated above the neglect of dynamic effects may
also lead to an underestimation of the fracture zone. The magnitude of these
effects will be discussed in subchapter 2.3.
The consequences of the postulated instantaneous release have also been
estimated using the relation [15]:

r, - [HS.T

07)

[npcpj
This relation was derived assuming incompressible material with zero tensile
strength. This relation corresponds exactly with eq. 16 for incompressible
material (v = 0.5) without tensile strength (r 0 = 0).

2.3

Dynamic effects

An assumption in the solutions presented in the previous subchapter is that the
dynamic effects can be neglected. The problem of the dynamic stress distribution
due to an instantaneous heat source concentrated in a point has been handled by
Nowacki and Parkus [17, 18]. As can be imagined the difference between the
dynamic and the quasi-static solution, is noticeable only in a limited period of
time. This dynamic effect also strongly depends on the time needed to release
the energy and the area or volume of the source. If this time is set to zero, and
the heat source is concentrated in a point, the dynamic solutions for the stresses
and displacement have a discontinuity according to Nowacki [17]. Parkus,
however, states that the stresses have no discontinuity in such a case [18], To
numerically investigate whether this discontinuity will occur in reality the release
mechanism has to be known. As the precise release mechanism is not known it
is not possible to make an accurate dynamic analysis.
There is, however, a method which can provide a reference point with respect
to the importance of the dynamic effects. This method is based on the use of
explosives in civil engineering and mining technology. The following procedure
has been applied [14]:
i)

ii)

ECN-RX--94-056

The quasi-static solution for a point source is compared with an
empirical relation for a subsurface explosion. Based on the similarity of
this relation and the quasi-static solution, a dynamic amplification factor
is determined and an estimate for the dynamic solution is obtained.
This estimate of the dynamic solution is validated with some results of
large nuclear .explosions deep in salt formations.
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2.3.1 Estimate of the dynamic solution based on an empirical
relation
An empirical relation exists for the burial depth h needed to obtain a 'contained'
explosion of yield L [22-24]:
h > c, Lm

(18)

where:
h = the burial depth of the explosive [m]
L = the yield of the explosive in kt (1 kt = 1012 cal = 4.2 TJ [22])
= a constant which generally depends on the type of explosive and the
type of rock formation. The highest factor has been found for a nuclear
explosion: 110 [23] or 120 [22]. These value are based on experiments
in different rocks including rock salt.
A contained yielding implies that the burial depth h is large enough to ensure
that the fracture criteria are not met at the earth surface where p = 0. The quasistatic solutions given above then give the following prediction for the burial
depth:
jl/3

4TI(1-

c2Q

(19)

1/3

The parameter c2 depends upon the thermo-mechanical properties. In Table 1 the
relevant properties and the resulting c2 are given for different rock types. The
constitutive properties are taken from the data base set up in the OPLA phase
1 research [20], for granite the properties are from PAGIS [25]. (The results
indicate that for the given rock types the use of explosives is most effective in
rock salt. This is primarily caused by the high value for a and relative low value
for r 0 ).
Table 1.

Material properties and the constant c2 in eq. 19 for different rock
types.
E

dyn

Rock type

[GPa]

Rock salt
Bischofite
Carnallite
Sylvite
Gypsum rock
Anhydride
Sandstone
Shale/mudstone
Clays
Limestones
Chalk
Dolomite
Granite

35.5
20
21.5
25
13.6
70.0
40
44
0.4
60
18
80
72.8

a
[10-6K-]]
42.5
30
30
37
24
15
10
20
30
8
10
7
20

Hlyn

P

[-]

[kg/m3]

0.27
0.27
0.27
0.27
0.25
0.28
0.20
0.3
0.49
0.25
0.20
0.35
0.31

2160
1600
1820
1950
2300
2900
2300
2600
1960
2050
1700
2700
2630

c
[J/(kg K]
855
1350
1200
590
1455
732
975
1240
1550
1000
1500
1250
750

To
[MPa]
2.4
1.0
1.5
3.7
1.0
5.6
5.3
4.5
0.06
8.6
1.3
10.9
8.5

[m/(kt)1/3]
54
50
45
46
35
35
24
31
35
23
28
20
35

A comparison of the quasi-static solution with the empirical relation leads to the
conclusion that the relation between the yield and the depth only differs in the
factor C) and c2. It can be concluded that for rock salt an amplification factor of
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2.0 to 2.4 on the quasi-static solution is needed to predict the condition for
contained yielding. For other rock types this dynamic amplification factor
differs.
A reasonable estimate for the dynamic solution of the instantaneous point source
is the product of the quasi-static solution and the dynamic amplification factor.
According to this dynamic estimate the region where the stresses do not cause
shear fracture is given by:
3Ea

r. = 2.4

,1/3

(20)

And the region where the stresses do not cause tensile fracture is given by:
r, = 2.4

Ea

(21)

4n(l-\)pc(p

2.3.2 Validation of the dynamic estimate
The dynamic estimates can be validated with the results of two underground
nuclear explosions in rock salt formations viz. the Salmon Event [26] and the
Gnome shot [27].
The Salmon Event was a 5.3 ± 0.5 kt nuclear detonation at a depth of 827.8 m
in the Tatum salt dome in Mississippi on October 22, 1964. The explosion
created a nearly spherical and stable cavity of radius 17.6 ± 0.6 m. After the
explosion two boreholes were drilled in the direct surrounding of the cavity
providing samples for geophysical investigation. Radioactive melt injected into
cracks was observed as far as 37 m from the shot point, and radioactivity
increased above background as far as 64 m. The salt in the direct surrounding
was highly microfractured and contained some macrofractures. It was found that
beyond 90 to 120 m from the.shot point, the rock salt approached the pre-shot
condition [26].
The Gnome shot was the first Plowshare experiment. It was performed on 10
December 1961 at a depth of 360.9 m in the bedded salt formation 25 miles
southeast of Carlsbad New Mexico. The fission product analyses showed that the
actual yield was 3.1 ± 0.5 kt. Post explosion inspection showed that a cavity was
created with a volume of nearly 1 million cubic feet, equivalent to a sphere with
diameter of 38 m [27]. It was noted that the walls of the cavity and the vent
path had a blue colour which is attributed to the radiation damage of the salt
crystals [26]. Radial fractures about the cavity extended up to 60 m. Some of
these fractures had melt injected into them 12 m from the walls [26]. Table 2
gives a summary of some characteristics of the two nuclear underground
explosions.
Table 2. Comparison of dynamic estimates with experimental values
crack length [m]
Experiment

Salmon event
Gnome shot

ECN-RX-94-056

depth
[m]

tkt = 4.2 TJ]

828
361

.5.3 + 0.5
3 .1 ± 0 .5

yield
observed
90 - 120
60

predicted with
cqs. 20 & 21
100 - 120
80 - 100
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The table also gives the prediction of the crack length based on the dynamic
estimates given in eqs. 20 and 21. Predictions and observations for the Salmon
event agree very well. The observed crack length after the Gnome shot is shorter
than predicted. This is assumed to be explained by the fact that the seal of the
adit was not functioning as it should be. It nevertheless can be stated that the
dynamic effects and the occurrence of fracture are bound by the dynamic
estimations.

2.3.3 Discussion on the dynamic estimate
The estimation of the dynamic solution is based on an amplification factor on
the quasi-static solution derived from the near surface explosion experience in
civil and mining engineering. Amplification factors are often used in the
analyses of dynamic and shock problems [27].
A validation for the use at larger depth has been performed with two large
nuclear explosions in salt formations. This validation is not a guarantee that the
predictions of the crack length with the dynamic estimate are very accurate.
There are quite some differences between the nuclear explosions used for the
validation, the subsurface contained explosions, and the sudden release of the
radiation induced stored energy in rock salt.
Some important differences between a nuclear explosion and a sudden release
of energy are:
i)

The amount of energy to be released is about four orders of magnitude
larger in the case of the nuclear explosions.

ii)

The volume in which the energy is released is different. It is stated that
the nuclear bomb was no bigger than a beach ball [27] which implies a
volume of about 0.5 m3. The volume of the nuclear material is smaller,
it is estimated to be 0.2 dm3. The volume in which the radiation induced
energy is released appears to be about 0.42 m3, see below.

iii)

In case of the nuclear device the amount of energy is released in a small
volume installed in a backfilled cavity in the salt whereas the radiation
induced energy is released directly in the salt which encloses the waste
containers.

iv)

The nuclear explosion being a nuclear reaction will use less time than the
release of radiation induced energy being a chemical process.

ad i) and ii).
As the amount of energy and the energy density is much larger in the case of
a nuclear explosion local temperatures will certainly be much higher and
possible other processes will take place.
ad iii).
It is not exactly known how the nuclear device is installed in the cavity.
According to [27] the cavity was originally about 15 feet in diameter which
implies a volume of less than 50 m3. The space between the device and the
cavity wall has been backfilled. It can be assumed that this backfilling has been
done with care because the goal of the nuclear explosions was to create as much
damage to the rock as possible. Nevertheless one has to consider that some
porosity will be left. This pore volume will be a portion of the initial volume of
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the cavity. This means a pore volume less than 50 m3. The thermal expansion
of the material due to the release of 5 kt equals about 1200 m3. So the pore
volume is at the highest some per cents of the thermal expansion volume. In the
case of the radiation induced energy the release occurs in rock salt in which the
pore volume is almost zero due to the thermally induced compression in the first
years after emplacement of the waste. More pore space will be left in the waste
containers, in the space above and below the glass and perhaps in the cracks in
the glass. Initially the empty volume above the glass is about 0.03 m3. This pore
volume will be reduced to a small fraction. The thermal expansion due to the
release of 1 GJ equals about 0.06 m3. This implies that the pore volume will be
a fraction of the thermal expansion volume. This fraction is of the same order
of magnitude as in the case of the nuclear explosion.
It therefore might be concluded that the possible damping effect of the pore
volume will not differ substantially in both cases.
ad iv).
The effect of these differences is difficult to quantify. There, however, is no
doubt that the dynamic effects due to the nuclear explosion are more severe than
due to the slower chemical process.

2.4 Conclusions
It has been concluded that it cannot be excluded a priori that radiation induced
stored energy will be released completely in a relatively short time. In this
chapter a model has been described to predict the thermo-mechanical
consequences of an instantaneous release of an extremely high amount of stored
energy.
First quasi-static models have been used to estimate the thermo-mechanical
consequences of the instantaneous release of stored energy for two idealised
situations. The first is a point source which models the release of energy in the
salt around one single HLW container. The second deals with a line source
which models the rather unlikely case of the release of energy in the salt around
all HLW containers in one borehole.
From the quasi-static model predictions it is concluded that fracture cannot be
excluded in a relatively thin shell of salt directly surrounding the containers. Thethickness of this fractured zone is less than 2 m.
To account for the dynamic effects and the occurrence of fracture a 'dynamic
amplification factor' has been derived from an existing empirical relation for the
effects of explosions emanating from mining engineering. The empirical relation
predicts the thickness of the fractured zone to be a factor 2.4 higher than that
estimated with the quasi-static method. The use of .this dynamic amplification
factor has been validated with experimental data of two nuclear explosions in
salt formations. The observed crack length appears to be shorter or equal to the
predicted length. The predictions were based on the quasi-static model and the
dynamic amplification factor. A discussion has been given of the differences
between the the nuclear explosions and the release of irradiation induced stored
energy. As most factors listed make the dynamic effect of the release of
radiation induced stored energy smaller it can be concluded that the dynamic
amplification factor will be smaller than 2.4. It, however, will be difficult to give
a more accurate prediction of the dynamic effect.
It has been concluded that the dynamic effects can be approximated with the
quasi-static models and the dynamic amplification factors.

ECN-RX--94-056

Page 17 of 36

Safety consequences of the release of radiation induced stored energy

Page 18 of 36

ECN-RX-94-056

3. NUMERICAL RESULTS
3.1 Introduction
The thermo-mechanical consequences of the release of radiation induced stored
energy will be quantified for the concepts studied in the framework of the
national program OPLA in the Netherlands [14,15]. Some characteristic
parameters of these disposal concepts are given in Tables Al and A2. For the
quantification the dynamic estimate given in the previous chapter wll be used.
Furthermore the sensitivity of the different parameters will be discussed.

3.2 Numerical results for the OPLA cases
3.2.1 Amount of stored energy
The amount of energy to be releasedis related to the total stored energy around
one container Q t given by the relation:
axV

(22)

where:
7
p
s
smm
6
V

= released energy per mole per cent decomposed salt
[J/kg per mole %]
= density [kg/m3]
= molar fraction of decomposed salt[mole %]
= maximum molar fraction of decomposed salt [mole %]
= shape factor 0 < B < 1
= volume of decomposed.salt [m 3 ].

According to an analysis with the modified Jain-Lidiard model the region of
decomposed salt has a thickness 5 of 0.16 m [12]. Taking into account the
container diameter d of 0.42 m, the height h of the glass equal 1.1m, and taking
into account that at the top and the bottom of the container also salt with a
thickness 8 of 0.16 m will be damaged the total volume V of damaged salt is:
V = / u l ( ( d + 2 S ) 2 - d 2 ) + 8:!I((rf + 2 5 ) W ) - 0.42 m 3

(23)

From the analysis it can be concluded that B can be approximated with 0.5 [12,
15], see also Figure 6 [13]. Taking further a released energy 7 = 70000 J/kg per
mole per cent decomposed salt and a maximum molar fraction smax = 20 % the
magnitude of g , appears to be 0.66 GJ. This value corresponds with 1.6 10"4 kt.

3.2.2 Thermo-mechanical consequences
According to the quasi-static approach the extent of the fractured area can be
calculated with the cqs. 8 and 9 for a point source of strength Q and the cqs. 15
and 16 for a line source of strength q.
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Figure 6. Maximum colloid fraction as a function of the distance to the waste
container ([13], see Table Al and A2).
For a point source these relations can be written as:
rs = ctsÖ1/3

and

rt = cct Qm

(24)

[m]

where Q is given in GJ.
For a line source the relations can be written as:
rs = cts y/q

and

rt = ctt \[q

(25)

[m]

where q is given in GJ/m.
The constants a s and a, depend on the material properties and the burial depth.
In Table 3 some values for these constants and resulting crack lengths are given
based on the properties: p = 2160 kg/m3; c = 920 J/(kg K); E = 30 GPa;
v = 0.27; a = 4 10"5 K"1.
Table 3.

Constants a and extent of fractured zone according to the quasistatic solution (Reference Case).
point source (eq. 24)

depth
[m]
700
1000
1300
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as
1.8
1.7
1.6

a,
[m]

1.6
1.5
1.4

/'t

line source (eq. 25)

[m]

1.6
1.4
1.3

1.4
1.2
1.1

at

as

[m]

[m]
2.6
2.4
2.2

1.0
1.4
1.3

'-t

2.7
2.3
2.1

1.6
1.4
1.2
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Numerical results

The source term Q is generally less than but maximally equal to Qt (0.66 GJ).
In the analysis it is assumed that Q = Qv The source term for the line source q
is generally less than but maximally equal to QJl Here C is the sum of the
lengths of a container and a salt plug [15, 29]; C = 2 m.
This quasi-static approach shows that the unfavourable thermo-mechanical
consequences of the release of all stored energy are restricted to a shell of rock
salt around the waste containers. The thickness of this shell is less than 2 metres.
In this shell high temperatures can occur locally during a short time period (less
than 1 day). In this region the average temperature rise is < 12 °C [14,15],
outside this region the temperatures of the rock salt are not increased
substantially (< 5°C, see also Figure 3). The stresses in the rock salt outside the
shell will change but not in such a way that cracks will initiate.

It has been shown that the dynamic effects can reasonably be estimated with an
amplification factor of 2.4 for the point source, eqs. 20 and 21. For the line
source this factor could not be estimated but it is assumed that the dynamic
amplification factor is the same as in the case of a point source. The resulting
estimate of the maximum extent of the fractured area is given in Table 4. For
this estimate the material properties and source term are taken the same as in the
previous subparagraph. It can be observed that the radial dimension of the
fractured zone is the same for both the point and line source. In the unlikely
case of the line source the axial extent is the same as the length of the bore hole.

Table 4.

Extent of fractured zone according to the dynamic approach
(Reference case).

depth
[m]

for a point source
[m]

for a line source
[m]

700
1000
1300

3.2 - 3.7
2.9 - 3.6
2.7 - 3.4

3.6 - 3.8
3.2 - 3.3
2.9-3.1

3.3 Discussion of the numerical results.
3.3.1 Amount of stored energy Qt
The amount of stored energy has been determined with eq. 22. This equation can
be considered to be correct but the factors have some uncertainties which will
be discussed.
„.V

(26)

3.3.1.1 The released energy decomposed salt y
y is taken to be 70 J/g per mole per cent coloidal Na. This value is based on
4.25 cV per F-H pair [5, 11]. Recent measurements [5], however, have shown
that 8 cV per F-H pair is a better value. This means that the value for 7 of 125
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J/g per mole per cent colloidal Na has to be taken into account. There also are
measurements on Spanish salt where values as high as 159 J/g per mole percent
colloidal Na have been found (de Las Cuevas in [10]).
3.3.1.2 The density p
p can be considered to be rather accurate. A recorded range from 2100 to 2200
kg/m3 is reported [20].
3.3.1.3 The maximum molar fraction of decomposed salt smax
5max is calculated with a Jain-Lidiard model and happens to be 4 % for the
typical disposal concept: mine and waste strategy C [12,14,15]. In the
consequence analysis smax is taken to be 20 %. This value is based on the
percolation theory [30] where values are given for different types of crystal
lattice structures. For a simple cubic lattice the value is 25 % and for a faced
centred cubic (fee) lattice 12 %. It must be realised that the radiation damage is
built up in the Cl sublattice which is a fee lattice. So a value of 12 % would
have been a better estimate of smax.
3.3.1.4 The shape factor B
B is taken to be 0.5. This factor implicitly is defined as:
CO

(3 = l J _ i _ d V = lj>(r)27irdr

(27)

The shape factor 6 can be derived from J{r), the spatial distribution of s.
Results of Jain-Lidiard analyses in which the proper relations between s and the
time dependent temperature, dose and dose-rate have been incorporated can be
used to derive the spatial distribution of s. Figure 6 shows a typical calculated
radial distribution of the maximum colloid fraction. It can be observed that the
decrease of s is stronger than linear and even stronger than an exponential decay.
If one assumes that s is a linear function of the distance, then eq. 27 leads to
6 = 0.47. If one assumes that s has an exponential decay:

1^1 = f(r) = e^-^

(28)

the constant c can be derived from the results in Figure 6. It then appears that
c = 14.7 [m"1] which is based on a reduction of a factor 1.8 in the first 4 cm.
It can be noted that this reduction in the amount of stored energy is the same as
the reduction of the calculated deposited energy [12]. This implies that in this
region there is a linear relation between the stored energy and the deposited
energy. Using this value of c eq. 27 gives B equal to 0.37.
3.3.1.5 The volume of decomposed salt V
V is calculated assuming that in the salt further away than 16 cm (8) from the
container there is no colloid formation. As can be seen in Figure 6 this is
reasonable. It must be recognized, however, that the colloid fraction is not
exactly zero at the distance of 16 cm. Based on the exponential decay used
above 91% of the energy is stored in the region with a radial 'thickness' less
than 16 cm.
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3.3.2 Amount of released energy Q
In the previous analysis of the thermo-mechanical consequences it has been
assumed that all stored energy will suddenly be released. This is a conservative
assumption since experiments show that during such sudden back reactions, only
a fraction of the total stored energy is released [5].

3.3.3 Geometrical approximation of the source
The real geometry of the heat source is rather complicated. It is determined by
the region of the damaged salt and therefore consists of a 'chain line' of thickwalled cylindrical shells with thick end caps. The thickness of the shell of
fractured rock salt around one HLW container is assumed not to deviate
substantially from the fractured zone in the case of a point source.
The reasons for this assumption are the small differences between the fractured
zone in the point and line source and the fact that the fractured zone is large in
comparison with the dimension of the source.

3.3.4 Summary
Table 5 summarizes the different values of stored energies and extend of
fractured zones from which the influence of the different parameter values can
easily be derived. It has been assumed that all stored energy is released and the
relations for the depth of 700 m are taken from Table 3.
Table 5.

Summary of results of the instantaneous release of stored energy
related to one HLW container.
Parameter values

Case

Öt

Reference

70

20

B
[-]
0.5

Variant 1
Variant 2
Variant 3

125
125
70

25
12
4

0.5
0.37
0.37

y
[J/g%]

°max
[%]

8
[m]
0.16
0.16
n.a.
n.a.

LÜIJ

extend of fractured
zone [m]
quasistatic

dynamic
estimate

0.66

1.6

3.8

1.4
0.55
0.10

2.0
1.5
0.8

4.8
3.5
2.0

The reference case is used in the consequence analysis presented above.
Variant 1 takes into account the higher value for the energy per defect pair y and
the higher value for the percolation limit smM. Consequently the resulting Qx can
be considered as an upper bound for the maximum amount of stored energy.
Variant 2 assumes an exponential decay of the stored energy and does not
account for a 'cut-off' of the stored energy. The value for Qt in this case can be
considered as the best estimate of the maximum amount of stored energy.
Variant 3 is based on Jain-Lidiard analyses and gives at this moment the best
estimate of the amount of stored energy. It can be anticipated that a lower
amount of stored energy will be predicted if effects of the fractal dimension of
the coloids arc taken into account [31]. The presence of impurities, however,
may increase the predicted amount of stored energy.
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3.4 Conclusion
It can be concluded that the best estimate of the extent of the damaged zone due
to the postulated instantaneous release of the stored energy is less than 5 m. Any
cracks that might conceivably occur will thus remain restricted to a minor area,
compared with the 100 to 300 m thick shield of salt around the repository.
Moreover these cracks would heal due to creep and recrystallisation [32] in a
relatively short time, less than 10 years.
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4. SAFETY CONSEQUENCES
This report deals with the possible safety consequences of radiation induced
stored energy in rock salt. The starting point of the report is the wide range in
the model predictions of the amount of stored energy: 10 to 1000 J/g in the most
heavily damaged rock salt close to the HLW containers. This wide range is
caused by differences in the disposal concepts but also by uncertainces in the
models. If the release of the stored energy is a slow process the consequences
are fully covered by the normal design calculation of the temperatures and
stresses where it has been assumed that all radiation energy is converted into
heat. These analyses, however, do not cover the consequences if the release of
energy is so quick that dynamic effects should be accounted for. The existence
of such violent release mechanisms is doubtfull if the amount of stored energy
is as low as the best estimate value of 10 to 100 J/g. For the higher values
which are in the range of 1000 J/g, however, such a mechanism cannot be
excluded. An upper limit analysis of the consequences of radiation induced
stored energy therefore has to be based on the assumption that all stored energy
will be released instantaneously which means in an explosive way.
The consequence analysis of this assumed explosive release is based on relations
derived from a quasi-static approach, elastic material behaviour and simplified
source terms. Such a quasi-static approach ignores any dynamic effects as well
as fracture induced stress redistribution and therefore underestimates some of the
thermo-mechanical consequences. To account for the dynamic effects and the
occurrence of fractures an amplification factor has been derived from mining
experience with explosives. This factor is 2.4 on the extent of the fractured area.
A validation of the amplification factor has been given using post experimental
observations of two nuclear explosions in a salt formation.
For repository conditions from the design concepts studied in the Netherlands
the radial extent of the fractured area around a HLW container appears to be
smaller than 5 m. This is a small value compared with the distance between
individual boreholes and a very small value compared with the distance between
the boreholes and the boundary of the salt formation which is more than 100 m.
It is therefore concluded that it is very unlikely that the release of radiation"
induced stored energy leads to a pathway for nuclides from the waste containers
to the groundwater around the salt formation.
The consequences of such an unlikely pathway are nonetheless covered in the
performance assessment of a repository in rock salt. This has been done via the
umbrella scenario 'groundwater intrusion/extrusion' or 'flooding scenario'[33,
34-36]. In these scenarios it is assumed that groundwater intrudes into the
repository, comes into contact with the radioactive waste, corrodes the steel
containers and leaches out the nuclides from the glass. Driven by the
convergence of the backfilled openings which are part of the repository the
contaminated brine will be extruded from the repository. The groundwater
contaminated in this way will reach the biosphere. These scenarios are
considered to cover the consequences of a by-passing of the isolation shield. The
consequences are calculated independent of the mechanism leading to the
groundwatcr intrusion. The maximum individual exposure is lower than 10"8Sv/a
and occurs more than half a million years after disposal [36]. This value is
calculated for groundwatcr intrusion directly after closure of the repository. The
consequences arc sensitive for the moment of groundwatcr intrusion [15,33, 36].
If the intrusion starts some time after closure the creep induced convergence of
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the openings has reduced the volume of the pores in the backfill which implies
a lower volume of intruded groundwater and consequently a lower volume of
extruded contaminated brine.
In the unlikely case that the groundwater intrudes through the pathway created
by the explosive release of radiation induced stored energy this will occur more
than 100 years after disposal when the maximum amount of stored energy is
reached [13,37]. This implies that the given value of 10'8Sv/a is an upper bound
for the radiological consequences.
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5. SUMMARY AND CONCLUSIONS
There are a number of uncertainties in the models used in the analysis of the
amount of stored energy and the consequences of a possible release. There are
also processes not explicitly handled which could aggravate or mitigate the
consequences. An example of an aggravating process is a possibly violent
reaction between the glass and the molten salt in case of a sudden release of a
large amount of stored energy. A processes which could mitigate the
consequences is an intermeditate recrystalisation of the damaged crystals.
In this report the consequences have been estimated with models using
conservative to best estimate parameter values. The conclusions of these
estimations can be summarized:
i)

ii)

iii)

It is assumed that an explosive release of the radiation induced stored
energy in a repository cannot be excluded. It should be noted however,
that model predictions for repository conditions indicate a small amount
of stored energy, which will be released in a very smooth way.
It is unlikely that an explosive release mechanism leads to a pathway for
nuclides from the waste containers to the groundwater. There is a safety
margin of one to two orders of magnitude.
The radiological consequences of groundwater intruding into the
repository through such an unlikely pathway are very low, < 10"8 Sv/a.

These conclusions underline the large margins of safety in the contemporary
repository designs with respect to the consequences of radiation induced stored
energy. The consequences can be mitigated further with changes in the design.
By using extra shielding containers the amount of stored energy can be
decreased by one or more orders of magnitude. If the containers have a wallthickness of at least 20 cm the built up of damage can completely be inhibited
[37].
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NOMENCLATURE
A
B
B
C
c
d
E
h
L
p
Q
q
r
s
T
TQ
/
V
x
v
z

Normalized stress for the point source, eq. 4
Waste strategy
Normalized stress for the line source, eq. 12
Waste strategy
Specific heat
Diameter of the waste container
Young's modulus
Burial depth, eq. 18
Yield of an explosive, eq. 18
Rock pressure
Amount of stored or released heat
Amount of released heat per unit of length
Radial coordinate
Molar fraction of decomposed NaCl.
Temperature (rise)
Tensile strength of rock salt
Time
Volume
Cartesian coordinate
Cartesian coordinate
Cartesian coordinate

Greek symbols
a
8
p
5
7
X
K
v
T|
a
x

Coeficient of thermal expansion
Parameter in yield versus burial depth relation, eq. 19
Density
Thickness of the region with radiation damage
Released energy per mole per cent decomposed NaCl
Heat conductivity coefficient
Heat distributivity X/pc
Poisson's ratio
Energy storage efficiency
Normal stress
Shear stress

Subscripts
eq
fr
ij
n
r
s
t
tg
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equivalent
fracture
Indices referring to the Carthesian coordinates
Normal
Radial
Shear
Tension
Tangential
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TABLES
Table Al.

Characteristic parameters of the disposal concepts studied [13J

Case Formation Disposal Cooling Interim
Disposal Geothermal
No.
Type Technique Time [a] Storage [a] Depth [m] Temp. [°C]

ECN-RX--94-056

11

pillow

borehole

3

50

616

29.4

12

pillow

borehole

10

50

616

29.4

15

pillow

borehole

3

10

619

29.5

16

pillow

borehole

10

10

619

29.5

17

pillow

mine

3

50

654

30.2

21

pillow

mine

3

10

654

30.2

22

pillow

mine

10

10

654

30.2

23

dome

borehole

10

10

957

36.6

24

dome

mine

10

10

1048

38.5
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Safety consequences of the release of radiation induced stored energy

Calculated data for the salt at zero distance from the HLW container [13]

0.07

0.25

0.26

0.95

1.26

1.60

0.26

2.23

0.26

0.60

1.15

1.42

0.26

1.70

co

0.07

0.07

o

SZ'O

g r^,

0.07

cs

1000

o
vb
cs'

©

100

xn

370

MO"

2

200

50C0
370

100

2-10"

„OM

[ppm]

„OM

"b

001

„OM

_ max
SO

!

Table A2.

D, .-

1.73

1.56

4.02

3.44

11.97

27.30

23.59

3.44

23.59

2.9

2.4

oo'

6.5

19.6

52.5

43.7

6.5

43.7

8.8

25.3

75.0

58.5

8.8

58.5

D
[Grad]

•r3 "J3 i> 3 -O

en' en'

vq

C

II

II

W *-H »-l

II

II

Si

1
en

•

*

en

ex

VO

en

4.4

12.3

4)

*

•

9.8

ON

12.3

en

12.3

cs
vd

m

4.4

in

en

4.4

cs
en

en

[a]

•max

J"E

C

O
O
in

i

113

116

o
r»

118

vS

129

vo

109

in

118

Ë -C ct> S

2 ^ 2 •« o
C

ra

<Ü

»—^ T3

Case
No.

js a p -a 13
E 3 «j ,S 2
CS

Page 36 of 36

in

VO

r- cs cs
cs

en
cs

II II ii ii ii

cs

ECN-RX--94-056

