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ABSTRACT
A strategy for the development of computer models for the calculation of the
thermomechanical response of salt formations to the ultimate disposul of high-level
radicuactive waste is outlined. The main problems to be expected during this de-
velopment are defined, some calculational results for the stresses and displacements
within simple geometrical bodics, which are assumed to consist of rock salt, are
presented. The influence of plastic, temperature-dependent mechanical behavior of

rock salt is discussed.

INTRODUCTION

A promising possibility for the removal of high-level
radioactive waste, which results from the reprocessing of
nuclear reactor Tuel elements, is otfered by the uitimate
disposal i salt domes. Resulting from the heat production
by the waste, temperatures within the salt formation will
rise; this leads to 2 change in the mechanical properties of
the surrounding salt rock in addition to lhe induction of
thermal stresses. It has 10 be proven by experimental, as
well as by theoretical means, that in splte of these effects the
operation of the repository, as well as the demanded long-
term enclosure of the radio-nuclides, is safe.

DESCRIPTION OF THE PROBLEM

There are three muin problems in the theoretical analysis.
The first relates to the very complicated wechanical be-
havior of rock salt, which is very difficult to describe. This
it because i depends on a lot of different variables like
temperature, confining pressure and time. Beside this the
mechanical bebavior in the laboratory is obviously another
one than in site-—at least in part.

The second problem is related to the necessity that the
safety of repository has to he guaranteed for a rather long
period. During the formulation of the sufficient constitutive

eyuations, it has to be bomne in mind, that they are needed
for predictions over periods, the order of which is absolutely
not achtevabie during experimental investigations in the
laboratory or in situ. Therefore, pussibly other than the
purely phenomerological way must be followed.

The thiré problem is that the mechanical calculations are
necessary i order 1o reach a safe and economic design of
the repository . This means that the computer programs must
be efficient enough o elucidate the study of parameter vari-
atians.

The Institut fiir Elekuische Anlagen und Energiewir-
schaft, Lehraufirag Leistungsreaktoren is developing com-
puter programs to predict stresses and displacements within
the disposal area and in the whole system, consisting of the
salt dome and the surrounding rock for adequate periods.
This work is done by order of the '*Entwickiungsgemein-
schatt Tieflagerung’’ in the framework of a program calied
““Management and sforage of radioactive waste’’ of the
Buropean Feonomic Community.

Qur program is guided by two principles. Firstly, the
terms describing the different features of the mechanical
behavior like elasticity, plasticity, viscoplasticily, tempera-
wre-dependence and so on, will be implemented succes-
zively into the computer programs. This will be done 1o
study the effects resulting from each of these features. The
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second principle, with regard 1o the computer programs
themselves, requires developing two paths in parallel. Un
the one hand, a program is written, by means of which
closed torm solutions are evaluated pumerically, However,
these solutions are obtainable only for simple configura.
tions. Therefore, on the other hand, programs are searched
for. coltected and, if necessury, combined and extended,
until they are suitable for the approximate calcaiation of
nearly all configurations (for example, finite-clement-
codes). This procedure has two advanmges. The former
program cade serves to control the other ones during their
development and, in addition. # seems w0 be suited for firse,
rough estimations on some problems.

RESULTS

In the following, some resulis of the first calculations arc
presented. These were carrted out using the program which
is operating with closed form solutions, These results are
very rough gualitalive estmations of the stress-displace-
ment-field within the salt dome and the surrounding rack.

Figure | shows the two configurations used in this pro-
aram, the dise and the sphere. There are three areas exhibit-
ing different material behavior. Forarca 3 in all of the cases
cited below, a linear elastic stress-strain-luw 15 supposed
with a Young's modulus of 130,000 bars and a Poisson’s
ratio of ncarby 0.2, These are the characteristic values for
sandstone. For the other two areas, some different constitu-
tive faws vahid for rack salt are used for the caleulations.,
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Figure 1. The dise {u) and sphere (D) for the caloulations by
mears of the cumpuier progran TSTRESS.

The real sait formarion can be regarded as a body em-
bedded in a semi-infinite space consisting of the surround-
ing rock., When the disc is clamped only in the horizontal
direction, H represents one limiting cese for this configura-
tion. The other one is represented when the sphere is
clamped n al directions. In other words, the disc may be
interpreted as 3 model for the salt dome-surrounding rock-
system with nagligible bending resistance of the overbur-
den, the sphere with a very high one.

Calculations were carried through for three variations
concerning ihe stress-strain-laws in areas 1 and 2 and © the
charactenistic dimension of the inner area. Figure 2 gives
these three variations. For the cases 8, and S, o oarea 2 a2
plustic, temperature-dependent, stress-stram-law without &
finear elastic branch is assumed. This takes 1nto account the
fact that salf rock in site immediately reacts plastically with
every additional mechanical load. Therefore only the load
which is superimposed 10 the overburden pressure by the
temperature rise within the disposal area. is calculated. The
vapzfion 8, was considered in order to demonstrate the
necessity of regarding temperature-dependent and plastic
mechanical behavior,
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Figwre 2. Parameter variations for the case of the disc.

For area | & linear efastic stress strain law fur rock salt is
assumed i all cases. Since the constitntive equations were
(ormulawed withous a finear -elastic branch when the calculs-
tions were made, auxiliarily the Young's Modulus within
area | was defined to be equivalent to the initial slope of the
stress-strain-law of the material in area 2. This procedure
yields an unrealistic strong dependence on temperature of
the Young's Modulus which ranges from 22,000 bar at
SG0 K. to 63,000 bar at 300 K.

In the temperature-independent case §,, Young's Mod-
wius for area | and 2 s caloulated for 306 K, which corres-
ponds to a depth of 300 m in 2n unheuted salt formation,
since the geothermal gradient is supposed 1o be ncarly
9,028 Kim. In alt cases the temperature dependence of the
Poisson’s tatio as well as of the linear thermal expansion
coefficient is considered to he neghigible. The values are 8.4
and 4- 10 °K ! respectively.



Estimation of the Thermomechanical Responrse

43
ki

100

20

10 ' 50 tlyl

Figure 3. Temperature rise within the disposal area.

AT |
[K]

1604

S, S

Figure 3 gives the rise of the avernge temy
the disposal area for a typical repoai-m:}'—'cénf
77H. This is a result from temperature 'c'aféta's‘-an.
have been carried out very intensively doring:
at the Imsstute. The muximum temperataré tsgi
reached at nearly 30 years after the beginning” U'fihe
release within the disposal area. This time-dependenf ie
pernture rise is taken o be valid for ares | withoutio
varigtion. From this, the thermal diffusion mm zh
rounding sakt rack area 2 is calculated.

Figure 4 gives the temperature distribution within this-. -
medium zrea for the threc purameter varistions . after -
30 years., The curves S, and &, are identical, sipce it has
been assumed that deformation does not affect the heat con-
ductior. Some 150 meters outside the disposal area the rock
is still unaffecied by the rising wmperatures. Thus the wse of
a temperature-independant stress-strain-law for the - ovter
area is justified. As in this figure, the following graphs give
the behavior of the intaresting values only for the regions
putside the disposal arca and Ffor the point of tine of
5 years after the haginning of hear release, the time when
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Figure 4. Tempersture distribution in areas 1 and 1T after 30 years (disc).
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the average temperature reaches its maximum within the
disposal area.

By the thernal expansion of the heated regions radial and
circumferential stresses are generated. Figure 5 gives the
radial stresses in the case of ihe three variations. By com-
parison of the curves §; and S., the influence of the tem-
perature~-dependence of the constititive equations becomes
evident. In the heated regions near 1o the inner surface of
area 2 the drastic reduction of the Young's modulus by
abont 66% vields a sharp diminution of the radial stresses.
A rather interesting face: it would not be possible to demon-
strate the guatitative change of the stress distribufion (which
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Figure 5. Radial stresses in areas 1and IT afier 56 years (dise).
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is characierized by the appearance of a minimum in curve
S,) by using a {femperalure-independent stress-strain-law.
The parameters of that are determined for an estimated
mean temperature,

Here it has to be emphasized again that the stresses being
calculated are the stresses generated only by the temperature
rise. The actual stress state in situ may be estimated by
addition of a realistic horizontal pressure caused by the
overburden weight. Such a reabistic value might be e.g.
123 bar for a depth of 300 m.

By the duplication of the diameter of the inner urea in the
case of maintaining the other characteristic dimensions R,
and R, the sitesses are increased; e.g. at the outer periphery
of the medinm area the stresses are heightened by more than
300%.

Figure 6 gives the tangential stresses for the three cases.
Here the same comments have to be made as above, namely
that 1) the stresses are lowered when the temperature de-
pendence of the stress-strain-law is taken into consideration
as in the vase Sp; 23 they are heightened when the linear
extension of the inner area is increased from 300 m fo
600 1 as for case S,

Two other very interesting phenomena may be observed,
First, at the boundary between area 2 and area 3, at
1000 m, the stresses change unsteadily due to the differ
ences between the Young's modeli of the rock salt and the
sandstone. Second, the siresses are tensile siresses except
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Figure 6. ‘Tangential stresses in areas | and I after 5¢ years (disc).
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Figure 7. Radial displacements in areas [ and I after 30 years {dixc).

in the regions near to the inner area. However, when a
pressure is added like before, in the case 8§, all tensile
stresses disappear. Oniy in the case §; the stresses in area 3
nearby to its inper surface remain teénsile.

Figure 7 gives the radial displacements within areas 2
and 3. When comparing the curves 5 and §,, one states,
that in the later case the deformations are less than in the
formeer one. This is related to the kemperatare dependence of
the Young's modulus in the inner area. Even though the
stresses at the periphery of this are2 are lower than for the
temperature-independent case, the radial displacements are
less. This is because the material becomes “*weaker” and
therefore makes the most of the possihility to expand freely
in the axial direction,

At this point, the comresponding resulis for the sphere are
not given extensively. They may be summarized in a few
words, The stresses are greater for this case than for the disc
by 10% 1w 15% on an average. Locally the stresses are
nearly two times higher ¢.2. like the radial stresses near to
the inngr area, If the sphiere is used as 2 vahid model of the
salt dome and the surrounding rock up to the ground sug-
face, there will be some tensile circumferential stresses near
to the ground surface. This is tee even when one adds up
the stresses praduced by the weight of the overburden.
However these stresses are very slight, in the order of 2 (o
5 bars.

The results represented gbove are valid only for one point
of rime. But it is quite imteresting that the stresses already
have passed their maximum values long before the
maximom average termperatures in the deposil arca (area |)
are reached. The results do not represent the actual situa-
tion, but documentate the first steps outlined at the begin-
ning. Meanwhile the analytical program has been and will
be extended in such a way that cavern effects for far field as
for near field problems may he considered. Tn addition the
stress-strain-law is modified to take account of its time-de-
pendence. A numerical computer program. based on the
Finite-Element-Method, is being developed parallel to the
analytical one. o

DISCUSSION
Jan J. Hamstra.

Cuestion. Your slides show AT-figures of about 156°C as a
maximum. Does that indicate that you catculated with & muximum
aflowable rock sakt teirperature in the burial aren of about 200°C w
800 m depth?

Answer. Indeed this indicates that we caleulated wirh such a
temperature, but this does not mean that we hold ihis tlemperature
ta be alfowsble for an actual repository desizn, It has to be em-
phastied that the resulls given abuve huve served for the qualita-
tive study of the basic effects. The numerivai quantitics are of
secondary interest.
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Question 2. Your last slide showed two curves for the radial
displacements $1 and §2 ruther near to ane apother, one caiculated
with, one without temperature dependence of the parametess.
Does that mean that acceptably accurate approximative calcula-
tions can be made without a remperature dependence for the calca-
fation puramerers of (cruperature Tises on limited to sbout 50°C7

Answer, 1) For the estimation of safety within this coatexy the
the statc of stresses is perhaps more interesting than the knowledge
of the displacernents, However, the stresses are in this special case
far more dependent on the stress-strain-iaw (Fig. 3. 6)

2 I is not possible 1o take the calevlational results for one
spevial case and then to make such an important decision with
respect t0 more realistic geometries.

3} The temperature influences the creep behavior of salt rock
mote strongly than the time-independent stress-strain-law; there-
fore it would be e early to zbandorn, on the base of the results
cited above, the allowance for twmperature-dependent constitutive
equaiions.
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