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1. Summary 

This report summarizes the knowledge about 
thermal and mechanical behaviour of rock salt that 
has been accumulated by various R&D institutions in 
Germany from laboratory and in situ investigations. 
An important objective is to give a comprehensive 
overview of the investigation methods and 
instruments available and to discuss these methods 
and instmments with regard to their applicability and 
reliability for the investigation of the thermo-
mechanical effects of high level radioactive waste 
emplacement in rock salt formations. 

The report is focused on the activities of the 
GSF-Institut ftir Tieflagerung in the Asse mine 
regarding the disposal of high and intermediate level 

radioactive waste during the last decades. The design 
and the results of the most important in situ 
experiments are presented and discussed in detail. 
The results are compared to model calculations in 
order to evaluate the reliability of both the 
measurements and the calculation results. 

The relevance of the results for the situation in 
Spain is discussed in a separate chapter. As the inves
tigations in Germany have been performed in domal 
salt, while the Spanish concept is based on waste dis
posal in bedded salt, significant differences in the 
thennomechanical behaviour cannot be excluded. 
The investigation methods, however, will be applica
ble. 
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2. Thermal Behaviour of Rock Salt 

The emplacement of high-level radioactive waste 
in a geological formation results not only in an 
irradiation of the rock, but also in a high thermal 
loading which is due to the decay heat of the waste. 
An detailed knowledge of the thermal behaviour of 
the considered rock is therefore necessary to assure 
the safe disposal of high-level waste. In this respect, 
two steps have to be taken: 

• The material parameters determining the ther
mal behaviour have to be investigated, 

• In situ heater tests have to be performed and 
the temperature response has to be measured to 
con Firm the material parameters. 

Having completed these two steps, a reliable 
prediction of the temperature development in the 
projected repository can be done. Its results, again, 
will influence the design of the repository . 

In this chapter the mechanism of heat transfer in 
rock salt is described (Section 2.1), the methods of 
determining the material parameters influencing heat 
transfer are presented (Section 2.2), and temperature 
measurement devices are mentioned (Section 2.3). 
Section 2.4 on thermometamorphic effects in rock 
salt closes the chapter. 

2.1 Heat Dissipation in Rock Salt 

When a heat source is placed in a rock formation 
the heat will dissipate into the rock, thereby 
increasing its temperature. 

Heat conduction in solids is described by the 
differential equation 

cliv X graclT-p cp dTldt = q 

with 
t 
T 
I 

P 
cP 

q 

time 
temperature 
thermal conductivity 
density 
heat capacity 
heat production 

[S] 
[K] 
[W/(m*K)] 
[kg/m3] 
[J/(kg*K)] 
[W/m3] 

The above equation is usually solved numerically 
with finite difference of finite element computer 
codes. 

The material parameters influencing heat 
conduction are the thermal conductivity, the heat 
capacity, and the density of the medium. In case of 
rock salt all these parameters are temperature-
dependent. While the density and the heat capacity 

vary only slightly with temperature and can therefore 
be considered as constant for some applications, the 
temperaturedependence of thermal conductivity is 
quite distinct. Measurements of all three parameters, 
however, have to be performed at different 
temperatures (see Section 2.2) in order to get exact 
results with thermal calculations. The temperature 
range of interest for a repository will be 20 °C - 200 °C. 

2.2 Determination of Parameters 
Influencing Heat Dissipation 

For the determination of the density standard 
measurement techniques are available, such as 
buoyancy and pycnometric methods [2], The 
temperature dependence of the density can also be 
investigated rather easily by these methods. 

Measurements of the heat capacity cp are usually 
performed using the method of adiabatic calorimetry 
[2, 3]. Material samples are placed in a metal 
calorimeter which is equipped with a heater and a 
temperature measuring device. The calorimeter is 
contained in a jacket of large heat capacity which is 
placed in a cooled vessel. The temperature difference 
between calorimeter and jacket can be kept so small 
that thermal leakage is negligible. 

Most measurement techniques for the thermal 
conductivity follow the principle of measuring the 
steady state heat flow that is necessary to maintain a 
defined temperature difference between two ends of 
a sample. Various geometrical arrangements are 
described in [2]. Such measurements have been 
performed by Birch and Clark on single NaCl 
crystals [4]. Rock salt samples from the Asse Mine 
have been investigated by Kopietz and Jung [5] and 
Walter [6]. Some measurement results are shown in 
Figure 2-1. 

Kopietz and Jung [5] also developed a probe for 
the in situ measurement of thermal conductivity with 
which they afFirmed the value for a temperature of 25 
°C measured in the laboratory. 

An additional material parameter of rock salt which 
is especially important for the evaluation of 
mechanical tests on salt samples [see Section 3.2] is 
the coefficient of linear thermal expansion. It is 
commonly determined using dilatometers [2,3]. 

2.3 In Situ Temperature 
Measurement Devices 

In order to confirm that material parameters 
measured on rock salt samples in the laboratory are 



2. Thermal Behaviour of Rock Salt 

relevant for the behaviour of the rock mass and in 
order to validate calculations performed using these 
parameters, ¡n situ heater tests have to be performed. 
The temperature field of such a heater test can be 
measured with various temperature measurement 
devices. The most adequate of those are thermo
couples and resistance thermometers. 

2.3.1 Thermocouples 

Thermocouples make use of the Seebeck effect: 
When two conductors consisting of different 
materials are coupled on one end, a thermal voltage 
can be measured between the free ends if there is a 
temperature difference between the coupled ends and 
the free ends. The value of the voltage depends on 
the temperature difference and on the materials used. 

The geometry of a typical thermocouple is shown 
in Figure 2-2. Ihe two conductors ^re placed in an 
insulation which is coated (usually by clromel-
alumel). The conJuctoi* may consist of various ma
terials; for instance nickel-chrome/nickel (NiCr-Ni) 
or platinum-rhodium/platinum (PtRh-Pt). 

The guaranteed accuracy of thermocouples is in 
Germany determined by the industrial standard DIN 
43710. For temperatures up to 400 °C the permitted 
deviation is 3 °C. Thermocouples which guarantee an 
accuracy of 1/2 or 1/4 DIN (e.g., a maximum 
deviation of 1.5 °C or 0.75 °C) are also commonly 
used. 

2.3.2 Resistance Temperature 
Detectors 

The resistance of metallic conductors increases 
with temperature. This effect is used with resistance 
temperature detectors (RTD) which consist of a 
possibly encapsuled metallic wire (usually platinum) 
with two to four connector wires. The four-wire 
technique allows for the compensation of the 
resistance of the connector wires and is therefore the 
most adequate one. 

The platinum wire has a resistance of 100 ohms at 
0 °C, increasing by about 0.39 %/°C (at 0 °C). The 
measurement accuracy as regulated by DIN 43760 is 
0.6 "C in the ran&e up to 100 °C and 1.2 °C in the 
range up to 200 °C. Especially at moderate tempera
tures the Platinum-type RTD is more accurate than 
the thermocouple. 

2.3.3 Installation Remarks 

In order to measure temperatures in the rock mass 
the detectors will usually have to be emplaced in 
small diameter boreholes. A suitable technique for 
placing both kinds of detectors is to fix them to a 
steel tape insulated by teflon tape (see Photo 2-1). 
The steel tape can easily be inserted into the borehole 
which is afterwards backfilled with crushed salt or 
some other material to get the thermal connection to 
the rock. 

2.4 ThermometamorphiC Effects 

It is known from natural effects, such as basaltic 
intrusions into salt formations, that heating of the salt 
may result in changes both of minerals and texture 
[8, 9]. Depending on the width of the intrusion the 
temperature influenced zone can reach several meters 
into the salt, with maximum salt temperatures 
between 600 °C and 800 °C. In the region where the 
temperature did not exceed 200 °C (which is relevant 
for a repository) the effects of heating are limited to 
textural changes which, according to Gies [9], do not 
affect the geological inclusion of the waste. 

Laboratory investigations on salt samples placed in 
an oven with maximum temperatures of 200 °C and 
350 °C revealed the formation of zones with higher 
refraction at the grain edges [9]. The formation of 
new phases was, however, not encountered, and the 
mechanical strength of the samples was not affected 
by this phenomenon. 

As a conclusion it is stated that thermometa-
morphic effects can be considered neglectible for the 
temperatures achieved in a repository. 

is^issM 
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Figure 2-1: Measured thermal conductivity of rock salt. 
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Figure 2-2: Geometry of a NiCr-Ni thermocouple [7]. 
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Photo 2-1: Resistance temperature detector prepared for installation in a borehole. The metal tape is coated with 
teflon at the location of the RTD. 
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3. Mechanical Behaviour of Rock Salt 

In order to assure the safe disposal of radioa tive 
waste in a geological formation a detailed knowl dge 
of the mechanical (i. e., stress/deformation) 
behaviour of the rock under ambient and elevuted 
temperature is necessary. In the case of rock salt the 
outstanding feature is its marked visco-elastic-pl. stic 
behaviour ("creepn). This behaviour is described in 
Section 3.1. while Section 3.2 presents the methods 
for investigating the material parameters determining 
the stress/deformation behaviour. The rest of this 
chapter is covered by the Sections 3.3 and 3.4 on in 
situ measurement techniques. While all the 
displacement measurement techniques (Section 3.3) 
are wellestablished and reliable, in situ stress 
measurements (Section 3.4) still cause larger 
problems. Some measurement techniques can only be 
looked at as stress change measurements, others give 
an estimate of the absolute stress with a considerable 
amount of uncertainty. In this field additional 
development work is considered necessary. 

3.1 Stress/Displacement Behaviour 
of Rock Salt 

Rock specific mechanical properties can be 
determined mainly by laboratory investigations on 
cores and specially prepared sample material with the 
following objectives: 

• evaluation of mechanical material parameters 
of rock salt, 

• providing data material for identification and 
analysis of homogeneous areas, 

• data supply for modelling tasks. 

In contrast to other crystalline rocks salt cannot be 
considered as quasi elastic, but shows a clear 
time-dependent stress/deformation behaviour which 
is referred to as creep. 

Figure 3-1 shows the general creep behaviour of 
polycrystalline materials under different constant 
stress conditions with obvious transient (primary) 
creep (I), steady state (secondary) creep (II) and 
transient (tertiary) creep effects (III). 

In situ, the stress/deformation behaviour of rock 
salt is subject to various influences, such as depth, 
stress state, formation and salt type, and temperature. 

3.1.1 Steady State Creep 

The principal purpose of the studies on steady state 
creep behaviour is to determine the range of tempera
ture, stress, and strain where a steady state creep law 

can be reliably applied. Another objective is to deter
mine the steady state creep parameters of rock salt 
from different locations and their variation in space 
[6]. The results gained in these tests are essential 
input parameters for numerical modelling tasks. 

The recently applied constitutive equation for 
steady state creep, developed by Wallner et al. [11], 
Albrecht & Hunsche [12] and Hunsche [13] - also 
applied by the GSF - has the following form: 

é, = A- exp i — QIRT) • (~)" [I/sJ 
a 

steady state creep rate 
temperature in K 
stress 
scaling factor 
constant factor 

Q = 12.9 kcal mol"1 activation energy 
n = 5 stress exponent 
R = 1.986 • 10"3 kcal mol"1 K"1 gas constant 

Another common constitutive law for triaxial 
steady state creep behaviour developed by Munson & 
Dawson [14] and Wallner [15] is described by the 
formula: 

¿,V - i n - exp (-QxIRT) • ( ^ ) ' " + ai • exp (-Qz/RT) • Q)": 

+ 2 [b\ • exp{-QiIRT) + b2 • exp (-QiIRT)] • sinh (D < g v "'">) 

ith the parameters: 

e5 

T 
a 
rj* 

A = 
= 1 MPa 
= 0.18 d"' 

with: 

< ^ - > < 0 : <^^> = 0 
C 

> > 0 : <Sr^SL> = ?v-Cw 
G G G 

and the parameters: 

G elastic shear modulus 

ai, az, b|, b2 structural parameters 

Qi, Qi activation energy for deformation 
mechanisms 

R gas constant 

T temperature in K 

ni, nz stress exponents 

D activation volume 
Ovo transition stress defined by 

deformationmechanisms from 
dislocation climb to dislocation 
gliding 
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3. Mechanical Behaviour of Rock Salt 

Besides these two examples of different approa
ches for the solution of the complex phenomena 
concerning the developments of constitutive equa
tions for steady state creep phenomena several 
statements are still in progress and in discussion. 

3.1.2 Transient Creep 

Transient creep conditions are characterized by 
change of the creep rate and/or change of stress with 
time. The most important special cases within the 
transient creep behaviour are the primary and tertiary 
creep effects. 

The primary creep phase is characterized by a high 
but decreasing creep rate with a smooth transition to 
the secondary steady state creep phase. 

Tertiary (accelerated) creep is found at high 
stresses directly following primary creep or with a 
virtual steady state phase in between. Tertiary creep 
is terminated by failure of the sample. 

3.2 Laboratory Investigations 
on Mechanical Parameters 

The main objectives of the laboratory tests are the 
evaluation of the site specific rock parameters as well 
as the validation of modelling parameters for the 
understanding of the mechanisms responsible for the 
deformation behaviour. 

The essential measurements have to be performed 
mainly as uniand triaxial laboratory tests for the 
determination of the following rock specific 
properties which can be summarized as elastic rock 
properties (static and elastic Young's modulus, see 
Section 3.2.1) and plastic rock properties (creep, 
compression strength, tensile strength; see Section 
3.2.2). 

Beside these mechanical parameters the thermal 
material parameters, such as heat capacity, thermal 
conductivity, and thermal expansion coefficient, are 
of importance, as they have a direct impact on the 
creep behaviour. These parameters have already been 
discussed in Section 2.2. 

3.2.1 Elastic Rock Properties 

Investigations on the static Young's modulus can 
be performed as uni- and triaxial tests with different 
velocities of deformation under changing stress 
conditions. Figure 3-2 shows a stress-deformation 
plot for a polycristalline salt sample and the 
development of the static Young's modulus (dotted 
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line) of the sample. This elastic property is to be 
calculated from the inclination (steepness) of the 
stress release dips. The static elastic constants are 
superimposed by a certain amount of plasticity. 

Prior to the above cited mechanical experiments 
the samples are examined by non destructive 
ultrasonic pulse tests for the investigation of 
compressional and shear wave velocities parallel to 
the sample axis. These data together with the sample 
density (bulk density) enable the determination of 
dynamic elastic constants as there are Dynamic 
Young's modulus and Poisson's ratio [17]. 

Measurements using ultrasonic wave velocities in 
the frequency range of 0,25 to 1,5 MHz are common 
practice. These measurements serve also for quality 
assurance, i.e. fractured probes can easily be detected 
[6]. 

3.2.2 Plastic Rock Properties 

3.2,2.1 Compression Strength (Creep Tests) 

Seveial different creep effects and criteria can be 
investigated by testing the compression strength 
behaviour of rock salt as there are steady state creep 
(or secondary creep) and transient creep behaviour 
including tertiary creep behaviour and stress 
relaxation. 

Compression tests can be performed as uni- and 
triaxial tests with different velocities of deformation 
under constant or changing stress conditions. The 
behaviour under different temperature conditions, 
important in case of a disposal for heat generating 
waste, can be investigated. 

The majority of the creep tests are performed with 
uniaxial cells designed for tests at normal stresses up 
to 20 MPa and temperatures up to 200 CC. Uniaxial 
test arrangements are perfectly suited for constant 
force experiments [6]. 

Figure 3-3 shows the variation of deformation 
during a uniaxial creep test with changing 
temperature and stress conditions. Significant in all 
creep tests is the direct influence of different 
temperatures and changing stress as well as the 
humidity of the salt samples on the creep behaviour 
at low hydrostatic pressures. 

Moreover, the source area of the samples and even 
their stratigraphic position within one source area is 
of importance for the interpretation of the gained 
steady state creep rates as it is shown in Figure 3-4. 
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In an advanced form steady state creep tests can 
also be performed with triaxial confinement of the 
samples, using the same boundary conditions as for 
uniaxial tests and additional confining pressures up to 
20 MPa. 

Triaxial tests have proved to be the most useful in 
the study of mechanical properties over a wide range 
of values for stress and at different temperatures, as 
they have been performed in the IfT laboratory on 
rock specimen oí ¡lie HAW lest field [19]. 

For the performance of failure usually the deviator 
of failure stress will be plotted over the appropriate 
hydrostatic pressure. In this case failure conditions 
depend on the loading path (Load-Parameter m, -1 m 
c 1) of the rock specimen and by invariants of stress 
tensors II and J2 (including deviatoric stress tensor) 
[6]. 

Following Murrell's extension of the Griffith 
criterion [20] two parabolic failure envelopes, one for 
extension and one for compression, are expected [6]. 
Figure 3-5 shows the failure envelope of extension 
and compression mode for a triaxial failure 
experiment on rock salt. 

Another projection of failure can be performed by 
the method of Mohr-Coulomb which is characterized 
by a simplificated but nevertheless complete 
description just by maximum and minimum 
Eigenstress. 

Because of crack opening during fracture of the test 
sample the specimen volume increases already prior 
to failure. These effects have to be taken into account 
for the formulation of constitutive laws of failure. A 
common method of detection is the use of ultrasonic 
waves whose velocity markably decreases by 
damage (depending on the orientation). A 
quantitative analysis of dilatancy effects under test 
conditions can be evaluated either by the method of 
displacement of volume or by measurements of 
volume dilatancy by means of circumferential strain 
gages. 

3.2.2.2 Tensile Strength 

Tensile tests are usually performed as uniaxial test 
with low deformation velocity orthogonal and para
llel to the stratification oras 3razilian tensile strength 
tests. Because of the low tensile strength of rock salt 
(1 -2 MPa), creep phenomena can not be observed in 
these experiments. 

3.3 In Situ Displacement 
Measurements 

The most important devices for in situ 
displacement measurements are presented in this 
section. They can be devided into two groups: 
Devices measuring displacements in the salt and 
devices for monitoring the deformation of cavities 
such as drifts or chambers. 

The classical deformation measurement is the 
convergence measurement of cavities (Section 3.3.1). 
Special types of convergence meters can be 
employed for the convergence measurement of large 
diameter boreholes or backfilled galleries. 

Another traditional method which provides 
information on the floor heave of galleries is 
levelling (Section 3.3.2). 

The standard devices for measuring displacements 
in the rock are the various types of extensometers 
(see Section 3.3.3) which are emplaced in boreholes. 

Like extensometers, inclinometers (Section 3.3.4) 
can be used in boreholes. While extensometers 
provide information on the axial deformation of the 
rock surrounding the borehole, inclinometers 
measure radial deformation. 

3.3.1 Convergence Measurements 

Convergence measurements are performed by 
detennining the relative displacement between two 
opposite points in a gallery or a borehole. This means 
they cannot provide any information on absolute 
movements, which is a restriction of most in situ 
displacement measurement techniques. 

An important advantage of all convergence meters 
is that they can easily be installed directly after 
construction of the gallery or borehole that is to be 
monitored. Convergence meters should be installed 
as early after excavation as possible (or even during 
excavation) in order to provide data about the high 
deformations caused by primary creep (see Figure 
3-6). 

3.3.1.1 Gallery Convergence 

In accessible galleries and chambers convergence 
is usually measured with a steel tape/measuring 
device combination (see Figure 3-7). The measuring 
device consists of a stiff frame !o which a force 
gauge is connected. During a measurement the 
measuring device is connected to an adapter on one 
wall and the steel tape which is fastened to the 
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opposite wall is connected to a slider at the device 
(see Photo 3-1). The slider is tensed towards the 
frame by a micrometer screw up to a defined force. 
The distance value is read from the micrometer 
screw. When the measurement is repeated later a 
different value will be got according to the change in 
distance between the walls (or, in case of vertical 
convergence measurements, between the roof and the 
floor). The accuracy of the measurements is in the 
range of 0.1 to 0.2 mm [7]. 

Convergence can also be measured by probes 
which are permanently installed (see Figure 3-8). The 
probe consists of a cylinder installed between 
opposite points of a gallery. Displacement is 
measured by a displacement transducer which 
supplies an output voltage proportional to the relative 
displacement. The advantage of this type of 
measurement is that the results can be recorded 
automatically and that it is also suitable for backfilled 
galleries which are not accessible. If the gallery in 
which the measurements are taken has to be accessed 
it may, however, be more appropriate to choose the 
steel tape measurements, as permanently installed 
probes limit the accessibility of the gallery. 

3.3.1.2 Borehole Convergence 

Convergence of large diameter boreholes can be 
measured by probes which are in principle the same 
as the probes for gallery convergence measurements. 
Such probes have been developed and successfully 
used in the Asse mine by the Forschungszentrum 
Jülich [22], Figure 3-9 and Photo 3-2 show a 
borehole convergence probe. Some measurement 
results on borehole convergence are presented in 
Section 4.1.4. 

3.3.2 Levelling 

The method of levelling is based on the 
determination of the differences in the vertical 
position of several measuring points (usually located 
in the mine floor) at different times. This is done with 
the aid of theodolites or surveyor's levels. 

When the array of measuring points is connected to 
above ground by measurements in the shaft, absolute 
vertical movements can be determined. The results of 
relative measurements like vertical convergence and 
extensometer measurements can be transformed into 
absolute movements, too, when the convergence 
measurement adapters and extensometer heads are 
included in the levelling array. 

In the case of underground heater tests it may be 
sufficient to extend the measurement array into a 
zone which is not influenced by heating rather than to 
connect the measurements to above ground. When 
the levelling results are diminished by the movement 
of a point outside the thermally influenced zone they 
will yield the floor heave which is due to heating. 

The levelling procedure as it is performed in the 
Asse Mine is described in [23]; some results of 
measurements performed in the course of a heater 
test are presented in Section 4.1.2. 

3.3.3 Extensometer Measurements 

Borehole Extensometers are used to measure 
movements in the rock mass relatively to a reference 
point (usually located at the borehole collar). There 
are several types of extensometers [24, 25] (see 
Figure 3-10): 

• Rod extensometers, 
• wire extensometers, 
• probe extensometers. 

Probe type extensometers are based on the 
periodical measurement of the distance between 
several circular rings fixed in the borehole. The 
measurement is performed with a removable probe. 
Compared to other extensometer measurements, this 
technique is rather time-consuming. An automatic 
recording is not possible. Moreover, the plastic 
behaviour of rock salt and the associated 
(comparably fast) borehole convergence cause this 
type of extensometer to be considered as not 
appropriate for measurements in salt. 

Wire extensometers (Figure 3-11) and rod 
extensometers are permanently installed in the 
borehole. The change of distance between one or 
more anchors wedged or grouted in the borehole and 
the reference plate is transmitted to a displacement 
sensor at the borehole collar by tensioned wires or by 
rods. Both manual measurements and automatic 
recording are possible. In the Asse Mine, all 
extensometers employed are rod extensometers of 
various types. 

A type of extensometer often installed in the past 
and still in use is the steel rod extensometer as 
produced by the STITZ company (see Figure 3-12). 
It consists of a set of coaxial steel pipes, each 
provided with a wedge type anchor which is fixed to 
the borehole wall by screwing. The change of 
distance between the anchor of each pipe and the 
reference plate is measured. For deep anchor points 
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the pipes have to be divided into several parts which, 
during installation, have to be screwed together. 

The steel rod extensometers have the advantage of 
a rather easy installation. Disadvantages are possible 
slipping of the anchors if they are not properly 
wedged to the borehole wall (which cannot be 
assured during installation) and the fact that the 
temperature-dependent deformation of the steel pipes 
has to be corrected for if there are changes in 
temperature (e.g., during a heater test). 

Another type of rod extensometer employs 
fiberglass rods gliding in PVC tubes (see Figure 
3-13). The advantages of this extensometer is its 
flexibility (see Photos 3-3 and 3-4) which allows 
them to be installed in one and its low coefficient of 
linear thermal expansion (0.6 * 10-6 /"C instead of 13 
* 10-6 /°C for steel [26]) which makes a temperature 
correction superfluous. The anchors cannot be fixed 
by wedging, but have to be grouted. Thus, the 
coupling to the rock is good; but grouting can also 
cause problems. In case of a multipoint extensometer 
up to five anchors have to be fixed in different 
depths, which can only be achieved by grouting the 
whole borehole or putting sand or some other 
material between the points where the anchors are 
grouted. In case of rather deep boreholes (about 40 
m) the backfilling of the whole borehole can result in 
a pressure build-up on the PVC tubes which may 
cause the rod to stick inside the tube. A change of 
length can then be measured at the reference plate 
only when the axial stress on the extensometer gets 
high enough to move the rod. The result is a 
"stick-and-slip" movement, visible as a "stepcurve" 
in the data record (see Figure 3-14). 

A new version of the same extensometer makes use 
of a corrugated metal pipe instead of a PVC tube in 
order to reduce the friction between rod and tube. 

The data provided by extensometer measurements 
are the changes of length between the reference plate 
and the anchors. From these the displacements of the 
anchor points and the reference plate can be derived 
if the deepest anchor is far enough from the 
excavation to be considered as immoving. In case of 
vertical extensometers, this assumption can be 
checked by levelling measurements (see Section 3.2). 
In case of horizontal extensometers, the gallery 
convergence measured between the reference plates 
of two opposite extensometers should be equal to the 
sum of the changes of length between the reference 
plates and the deepest anchors of the two 
extensometers. 

In general, the distance between the reference plate 
at the gallery surface and the deepest anchor will 
have to be at least several diameters of the gallery to 
be able to assume the deepest anchors as immoving. 

Some measurement results can be found in Chapter 4. 

3.3.4 Inclinometer Measurements 

While extensometers are suited for the 
measurement of axial deformations, borehole 
inclinometers are used for determinig radial ones. 
Two basic types of borehole inclinometers are 
available [24]: 

• Probe inclinometers and 
H fixed-in-place inclinometers. 

A probe inclinometer is usually employed for 
measuring horizontal movements in a vertical 
borehole which may be provided with a grouted 
guide tube (see Figure 3-15). It contains one or more 
gravity-operated tilt sensors (Figure 316) or 
accelerometer which generates an electrical signal 
recorded on ground level. From periodical tilt 
measurements in different borehole depths (distance 
between two measuring points typically between 0.5 
and 1 m) horizontal movements can be derived. 
Probe inclinometers are also suitable to determine the 
absolute position of boreholes prior to installing other 
instruments [27]. 

If continuous reading and high accuracy/ 
reproduceability are required, fixed-in-place 
inclinometers should be employed (Figure 3-17). 
They consist of a chain of tilt sensors in a casing 
which is permanently installed in a vertical or 
horizontal borehole; in case of a horizontal borehole, 
vertical movements can be measured [27]. 

Similar to the inclination measurements of 
boreholes, tiltmeters can be used to measure 
inclination changes of the mine floor at fixed points. 
Such measurements can be used to support 
measurements of the floor heave by levelling. 

3.4 In Situ Stress Measurements 

For the in situ investigation of the mechanical 
behaviour of rock salt, measurements of stress are as 
important as displacement measurements. But while 
standard methods of displacement measurement are 
available, rock stress determination is somewhat 
problematic, especially if the rock has a distinct 
visco-elastic-plastic behaviour as salt has. 
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Stress (or stress change) measurement devices like 
straingaged stressmeters, hydraulic pressure cells, 
and AWID cells are discussed in the sections 3.4.1 
through 3.4.3, respectively. The sections 3.4.4 and 
3.4.5 deal with the special methods of overcoring and 
hydraulic fracturing. 

3.4.1 Straingaged Stressmeters 
and Vibrating Wire Stressmeters 

Straingaged stressmeters and vibrating wire 
stressmeters are actually two simihr representatives 
of a number of force transducers which are used for 
in situ stress measurements [28]. Both transducers 
have a high stiffness and are therefore sometimes 
referred to as rigid inclusion stressmeters. 

The stressmeters consist of a hollow steel cylinder 
with two opposite load platens (see Figure 3-18). 
They are placed in small diameter boreholes and 
prestressed by wedging. A stress build-up on their 
platens causes a deformation of the cylinder. In case 
of a vibrating wire stressmeter the deformation is 
measured by determining the period of oscillation of 
a pretensioned wire across a diameter inside the 
cylinder. In case of a straingaged stressmeter as 
developed by Sandia National Laboratories, USA 
[30], straingages are used which have the advantages 
of a wider measurement range and of yielding an 
output voltage which is easier to record than a 
frequency. 

In order to determine the stress change from the 
output reading, two calibration steps have to be taken 
prior to installing the stressmeter. 

At first, the dependence between applied force and 
output signal has to be determined by a so-called split 
block calibration [7, 30, 31]. The split block 
calibration has to be performed for every single 
stressmeter because of differences in their stiffness. 
When a great number of stressmeters is to be used, 
they can be divided into groups of similar stiffness, 
so that the following stress-force-calibration needs 
only to be performed for representative stressmeters 
of each group [7]. 

The stress-force-calibration is performed by 
placing a ytressmeter into a borehole in a 9alt block 
(see Photo 3-5) which is subsequently loaded. 
Uniaxial or biaxial load can be applied [29]. 

Figure 3-19 shows the uniaxial loading/unloading 
curve for a straingaged stressmeter. The large 
hysteresis of the curve snows that a meaningful 
calibration of the stressmeter can only be obtained on 
the first load cycle [30], and that it is only relevant 

for measuring increasing stress. It will not be 
possible to quantitatively determine decreasing 
stress. 

Another calibration problem is revealed when 
comparing the uniaxial loading curve to a biaxial one 
(see Figure 3-20). The difference between the curves 
makes the behaviour of a straingaged stressmeter in 
an unkwown in situ stress field quite unclear. 

A third problem is the long term behaviour of the 
stressmeter. Morgan [33] loaded a stressmeter in a 
salt block with a constant load of 5 MPa over a lime 
period of two years and recorded a change of the 
output signal by 30%. 

As a consequence of all these problems, the 
considered rigid inclusion stressmeters do not seem 
to be adequate for in situ stress measurements. 

3.4.2 Hydraulic Pressure Cells 

The hydraulic pressure cell (as produced by 
GLOETZB) consists of a fluid (mercury or oil) 
-filled flatjack connected to a diaphragm transducer 
which in turn is connected to a readout unit by 
flexible tubing (see Figure 3-21). By pumping oil 
against the diaphragm the pressure inside the > » 
compensated and the compensation pressure ; 
recorded. 

The pressure inside the cell is determined by the 
stress acting on it. In the ideal case, the compensation 
pressure could be interpreted as the stress component 
normal to the flatjack. For stress measurements in 
rock salt the cells will usually have to be emplaced in 
boreholes (see Photo 3-6) and subsequently grouted. 
This arouses severai problems: 

• Due to the plastic behaviour of rock salt, a des-
tressed zone develops around the borehole 
where the cell is to be installed; 

• the grout will probably have a mechanical 
behaviour which differs from that of salt, thus 
influencing the measurement; 

• there may be contact problems between grout 
and borehole or grout and cell, respectively. 

While the last two problems might be overcome by 
selecting the appropriate grout (a mixture of MgO, 
salt powder, and brine is the most commonly used 
material), the stress release due to creep is a basic 
problem. It results in the fact that after installation 
the pressure cell takes up stress only gradually. The 
initial stress will only be reached after a very long 
time period (in the range of 108 days [32]), so that a 
measurement of absolute stress is impossible. 
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There are several ideas of overcoming this 
problem. Pressurizing the vicinity of the cell by 
injecting synthetic resin with a pressure higher than 
the assumed initial stress is sometimes done [33]. 
The disadvantage of this method is the introduction 
of another material with mechanical properties 
different from salt. Moreover, the injection will again 
change the stress state in the rock and not necessarily 
establish a state similar to the initial one. 

A method of determinig the initial stress from an 
inflection point in the increasing stress curve of the 
not-prestressed pressure cell as proposed by 
Heusermann [32] is rather uncertain and will usually 
not work. 

While determination of absolute stress with 
hydraulic pressure cells is problematic, they are 
suitable for the measurement of stress changes (for 
instance due to temperature changes in the course of 
a heater test). It has, however, to be kept in mind that 
the measured response which is due to an increase in 
compressive stress is also partly caused by an 
improvement of the cell's coupling to the rock 
because of an accelerated creep of the salt. 

In order to make the results of such measurements 
clearer, an "extended calibration" of the pressure 
cells while they are installed in the rock is thought to 
be needed [34]. 

Some results of measurements performed with 
hydraulic pressure cells are given in Chapter 4. 

3.4.3 AWID Cells 

The AWID cell [35] is an active pressure cell (in 
contrast to the hydraulic pressure cell of the 
GLOETZL type) which also uses the compensation 
method. It consists of two metal plates (CrNi) which 
are soldered to each other at the edges (see Figure 
3-22 and photo 3-7). The space between the plates 
can be pressurized with oil or air. 

During the measurement, a constant electric current 
is injected through the cell, and the voltage over the 
cell ¡s measured. The cell is then pressurized. As 
long as the inner pressure of the cell is below the 
outer pressure, the current goes over the two plates 
which are in contact with each other (see Figure 
3-22); the resistance of the cell and thus the 
measured voltage is low. As soon as the inner 
pressure exceeds the outer pressure acting on the cell, 
the plates will open, and the resistance of the cell will 
rise sharply, as will the measured voltage. Laboratory 
tests have shown that the accuracy of determining the 

pressure from the bend in the voltage-pressurecurve 
is 0.3% [35]. 

AWID cells have the advantages of a simple 
construction and the capability of being operated at 
high temperatures (especially when air instead of oil 
is used), because the rise in resistance evaluated for 
the determination of the compensation pressure is not 
dependent on material properties of the cell or the 
surrounding rock (or grout) [7], 

When to be installed in a bo whole, it may be a 
good idea to grout the AWID cells in a cylinder of a 
MgO/salt/brine compound and subsequently place 
this cylinder into the borehole (see Photo 3-8 and 
3-9). Thus, a good coupling between the cells and the 
grout can be assured, and damages of the cells during 
installation in the borehole are impossible. 

The problems of the AWID measurements are 
again the same as of the measurements with 
hydraulic pressure cells discussed in Section 3.4.2, 
especially the zone of decreased stress surrounding a 
borehole in the salt rock. 

3.4.4 Overcoming 

The overcoring method is a method for 
determining absolute stress in a core borehole by 
measuring the core deformation due to load 
reduction. This measurement is performed by placing 
a probe equipped with straingages or displacement 
transducers into a small diameter pilot borehole 
which is subsequently overcored (see Figure 3-23). 
The radial deformation of the pilot borehole is 
measured [36]. Various kinds of deformation probes 
have been developed in the past [28, 36]-

Assuming an ideal elastic rock the absolute stress 
components perpendicular to the borehole axis can 
be calculated from the change in diameter of the pilot 
borehole if the Young's modulus or the Poisson ratio 
of the rock are known [37]. The measurement results 
are then independent of the overcoring diameter and 
of the time between drilling of the pilot borehole and 
overcoring. 

Numerical studies [37, 38] have shown that this 
way of evaluation is not appropriate for viscoplastic 
rocks like salt. The non-elastic deformation of the 
pilot borehole before and during overcoring makes a 
correction of the values obtained by elastic 
evaluation necessary. 

Figure 3-24 shows a comparison of calculated 
deformation curves (r = 20 MPa) for the ideal elastic 
case and for the so-called "curve description model" 
that takes into account a non-linear elastic plastic 
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behaviour of the rock during overcoring. It can be 
seen that for the elastic case the difference in 
diameters before and after overcoring gives a good 
estimate of the initial stress. For the elastic plastic 
case this difference is near zero, the difference 
between the two extreme values of the curve, 
however, gives again a good estimate of the stress. 

It can be concluded from this figure that it is 
important to measure the whole deformation 
development during overcoring rather than making a 
diameter measurement before and after overcoring in 
case of a rock which is not ideal-elastic. 

The curve description model does not take the 
stress relaxation due to non-linear creep into account. 
This requires an additional correction which depends 
on the overcoring diameter as well as on the time 
between drilling of the pilot borehole and overcoring 
[37]. 

As a summary, it can be stated that overcoring in 
rock salt can give only a more or less good estimate 
of the absolute stress due to the uncertainties both in 
the elastic parameters and in the applied corrections 
of the measurement. 

Another more practical problem of overcoring is 
the so-called "core disking" which can occur 
frequently and makes the measurement worthless. 

All this has led to the fact that overcoring has not 
very often been performed successfully in the Asse 
mine. It has, however, to be stated that it is one of the 
most promising methods for determining absolute 
stress. 

3.4.5 Hydraulic Fracturing 

Hydraulic fracturing is a technique for determining 
the value and direction of the lowest major stress 
component in a homogeneous isotropic rock. It is 
usually performed by sealing a part of a borehole and 
afterwards injecting a fluid into the sealed part. The 
pressure which is necessary to fracture the rock 
(recognizable by an increase of fluid flow into the 
rock mass) and the so-called shut-in pressure 
(pressure for which the flow reduces to zero again) 
are recorded. The shut-in pressure is interpreted as 
the value of the lowest major stress [39]. The 
direction of the lowest major stress is assumed 
perpendicular to the fracture plane. Reliable methods 
for determining the fracture plane are acoustic 
emission monitoring (see Section 3.5.1) and drilling 
or mining into the fractured region with surveying of 
the fracture [39, 40]. 

Measurements of this kind were performed at the 
Asse mine in various horizontal and vertical 
boreholes of 56 cm diameter using a probe which 
consisted of two hydraulic packers with an injection 
zone of 75 cm length in between. The injection fluid 
was oil with a colour tracer. For determining the 
fracture plane acoustic emission monitoring was 
performed, and the fractured zone was mined out 
after the experiments. 

A typical pressure recording in shown in Figure 
3-25. 

The results can be summed up as follows [39,40]: 

• The shut-in pressure was always well below 
the pressure calculated from height and density 
of the overburden, 

H the shut-in pressure increased with distance 
from the borehole collar, 

• the frac pressure and the refrac pressure were 
dependent on the pressure increase rate, but not 
the shut-in pressure, 

• no significant differences between the measu
rements in vertical and horizontal boreholes 
were found, 

• the determination of the fracture orientation by 
acoustic emission monitoring and surveying 
showed a good agreement, 

• the fractures did not follow the layers of rock 
salt or sulfatic minerals. 

These results suggest that the applied method of 
hydraulic fracturing is quite adequate for determining 
the lowest major stress component. Especially the 
last result is interesting, but it has to be kept in mind 
that in the Asse mine a strong small-scale folding is 
found which may have a supporting effect. In less 
folded rocks a fracturing along different layers of 
rock rather than along the major stress directions may 
be probable. 

A method for determining absolute stress in the 
immediate vicinity of a borehole is suggested by 
BGR [38]. They perform "hydraulic fracturing" using 
a dilatometer probe. The problem is, however, the 
time-dependent stress relaxation near the borehole 
that makes a measurement immediately after drilling 
or a correction of the measurement result (compare 
Section 3.4.4) necessary. 

The method of injecting a colour-tracered fluid into 
the rock can also be used for locating natural or 
thermally induced fractures. Such "staining tests" 
were performed during the Temperature Test 6 [41]. 
Coloured oil was injected into several boreholes. In 
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the vicinity thermally induced microfracluring was 
recorded by acousting emission monitoring. After the 
end of heating core boreholes were drilled into the 
formerly heated region. It was observed that oil had 
penetrated into the fractured zone where the seismic 
events had been located. Again, a good agreement 
between acoustic emission measurements and visual 
determination of fractures was found. 

3.5 Measurements of Sudden 
Stress Release - Seism¡cs 

As a result of excavation and drilling activities to 
generate lest and/or disposal galleries and boreholes 
the distribution of the initial stress fields will change. 
Further changes must be expected from the effects of 
heating, i.e. from thermal expansion of rock salt, 
altered material properties, enhanced plasticity, creep 
effects and sudden stress release [42]. 

Seismic P and S wave velocities allow an 
evaluation of the specific elastic rock parameters, 
compression modulus and shear modulus. Especially 
sudden stress releases which may be caused by 
microfracturing processes can result in locally 
changed mechanical properties. 

These effects can be investigated by the following 
geophysical in situ measurements as there are 

• microseismic (seismological) activity (passive 
seismic measurements, Section 3.5.1), 

• seismic traveltime (active seismic measure
ments, Section 3.5.2). 

3.5.1 Passive Seismic Measurements 

Microseismic activity caused by sudden fractures 
with stress release processes can be recorded and 
located by means of passive seismic transducer 
arrays. By these passive measurements the following 
parameters can be evaluated: 

• location of the microseismic events, 
• intensity, 
• extension of source, 
• slip rate, 
• stress drop. 

For adequate monitoring and interpretation of the 
occuring seismic events the test field must be 
enclosed by at least four microseismic transducers 
(accelerometers). Since a location accuracy of about 
0.5 m should be attained, wavelength considerations 
lead to the conclusion that frequencies up to 10 kHz 
should be covered [43]. The most appropriate 
transducers are the common piezoelectric accelero
meters. 

In order to be also able to investigate full particle 
motion by transition of a wave, three orthogonal 
accelerometer components should be installed at each 
transducer position. The accelerometers should be 
mounted in borehole probes in depths up to a few 10 
meters. Single probes can be mounted up to a depth 
of 100 m depending on the required configuration of 
the test field. 

By the differences of the arrival times at the 
transducer stations the source co-ordinates as well as 
structural source data of microseismic events 
(fractures, slip on existing discontinuities, intensity 
and local orientation) can be calculated [44]. 

3.5.2 Active Seismic Measurements 

The main objectives of active seismic 
measurements are the investigation of loosening and 
consolidation effects of the rock salt resulting in 
changed seismic velocities of the elastic waves, 
which can be determined by traveltime measure
ments using artificial sources [44]. 

Loosening of the rock, possibly resulting from 
slowly growing microfractures, should lead to 
decreasing seismic velocities. On the contrary, 
consolidation would cause increasing elastic wave 
velocities. 

For the active measurements the same transducer 
types and the same frequency range can be used as 
for passive seismic investigations, so that the data 
aquisition systems of both types of measurements 
could be combined. 

As artificial sources pneumatic hammers mounted 
at different locations can be used, which can be 
operated by remote control or by an automatic timer. 
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Figure 3-1: General creep behavoir of polycristalline materials. Test performed under constant stress rate [10]. 
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Figure 3-2: Stress-deformation diagram for polycristalline rock salt and the development of the static 
Young'§ modulus (dotted) [16]. 
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Figure 3-3: Deformation of rock salt during a uniaxial creep test in relation to changing temperature and stress 
conditions [18]. 
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Figure 3-4: Comparison between steady state creep rates for salt samples of different origin and stratigraphy 
(average values). Straight lines represent the constitutive creep law of Wallner, Albrecht, and Hunsche [18]. 
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Figure 3-6: Horizontal convergence measured at two loctaions in the MHV test field. Day 0 is the beginning of test 
field excavation [21]. 
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Figure 3-7: Measurement arrangement for horizontal convergence. 

Photo 3-1: Convergence measurement in the HAW test field. 
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Figure 3-8: Convergence measurement probe as employed in the TSS (Fa. Glotzl, Rhelnstetten/Germany). 

28 



3. Mechanical Behaviour of Rock Salt 

Spring Cylinder Piston Coupling Plate 

Displacement Transducer Friction Coupler 

Figure 3-9: Borehole convergence meter as installed in the MHV test [22]. 

Photo 3-2: Ready-to-use borehole convergence meter [22]. 
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Figure 3-10: Basic types of borehole extensometers [24]. 
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Figure 3-11: Principle of a multiple point wire extensometcr [26]. 
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Figure 3-12: Multiple point steel rod extensometer (Fa. Stitz, Ronnenberg-Benthe/Germany). 
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Figure 3-13: Fiberglass rod extensometer (Fa. Glótzl, Rheinstetten/Germany). 
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Photo 3-3: Rolled-up fiberglass rod extensometer. 

Photo 3-4: installation of a three-point fiberglass rod extensometer. 
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Figure 3-14: Readings of a horizontal extensometer in the HAW test field showing "stick-siip" behaviour. 
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Figure 3-15: Principles of operation of probe inclinometers [24]. 
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Figure 3-16: Gravity-operated tilt sensor (Fa. Sundstrand Data Control, Redmont, Washington/USA). 
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Figure 3-17: Fixed-in-place inclinometer [24]. 
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Figure 3-18: Schematic view of a straingaged stressmeter [29]. 

Photo 3-5: Installation of a straingaged stressmeter in a salt block for calibration. 
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Figure 3-19: Uniaxial calibration curve of a straingaged stressmeter in a salt block [29]. 
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Figure 3-20: Force response of a straingaged stressmeter as measured with uniaxial and biaxial loading [29]. 
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Figure 3-21: Schematic view of a hidraulic pressure cell (Fa. Glótzl, Rheinstetten/Germany). 
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Figure 3-22: Schematic view of an AWID cell [35]. 
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Photo 3-7: AWID cell. 

Photo 3-8: Rack with two AWiD cells before and after grouting for installation. 
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Photo 3-9: Installation of an AWID cell cylinder in a vertical borehole. 
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Figure 3-23: Drilling sequence during overcoring [36]. 
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In order to investigate the interaction between heat 
producing radioactive waste and rock salt in a 
repository, a series of experiments have been and are 
still being performed in the Asse mine. 

Most of those experiments simulate boreholes 
filled with waste canisters, as borehole emplacement 
is the basic Gemían concept for disposal of heat 
producing radioactive waste. The objectives of such 
tests are the measurement of the developing 
temperature field, fluid release and migration into the 
healer (or disposal) borehole, composition of such 
fluids (i. e.. brine and gases), and rock stresses and 
deformations. In some of the tests radiation sources 
are included in order to investigate irradiation effects 
as well. The most important tests regarding borehole 
disposal are presented in Section 4.1. with special 
regard given to thermomechanic effects. Section 4.2 
deals with experiments on drift disposal and drift 
sealing. Here, additional questions occur, e. g. 
backfill compaction and permeability. Section 4.3 
considers especially the comparison between measu
red thermomechanical data from the experiments to 
numerical model calculations. 

4.1 Borehole Tests 

The first series of experiments on borehole disposal 
of heat producing radioactive waste, the so-called 
"heater tests", were meant to yield information on the 
response of the rock salt to thermal loading and 
involved electrical heaters to simulate the waste. An 
important example, the "Temperature Test 5", is 
presented in Section 4.1.1. The first step to include 
the effect of irradiation into the investigations in an 
in situ heater experiment was the "Brine Migration 
Test" (Section 4.1.2). The "Test Disposal of Highly 
Radioactive Radiation Sources" (HAW) and the 
"Test Emplacement of Medium Bevel Waste and 
High Temperature Reactor Fuel Elements in 
Boreholes" (MHV) are large scale experiments that 
were planned to simulate the borehole disposal of 
heat producing radioactive waste under repre
sentative repository conditions (Sections 4.1.3 and 
4.1.4). Although the emplacement of radioactive 
sources is for non-scientific reasons no longer striven 
for in the course of these experiments, their electric 
reference tests still yield important results concerning 
the thermal and mechanical behaviour of rock salt. 

4.1.1 Temperature Test 5 

The main objective of the Temperature Test 5 
which was performed in 1982 was the investigation 

of the thermally induced release and migration of 
fluids in rock salt [45. 46]. Therefore, it was decided 
to perform the experiment with different temperature 
steps yielding maximum salt temperatures between 
100 °C and 270 °C. 

Figure 4-1 gives an overview of the test layout. An 
electrical heater of 3 m length was placed in 7 m 
deep horizonta' borehole which was surrouded by 
instrumentation boreholes for RTDs and extenso-
meters and boreholes for permeability measurements. 
Accelerometers were installed near the heater 
borehole collar for acoustic emission monitoring. 
The atmosphere of the heater borehole which was not 
backfilled could be circulated through a cold trap in 
order to condense water vapour and measure the 
amount of water accumulated in the borehole. 

A horizontal and a vertical section showing the test 
configuration are given in Figure 4-2 and 4-3, 
respectively. 

The experiment was performed in five heating 
steps with constant maximum salt temperatures at 
100 °C. 150 °C. 200 "C. 230 °C and 270 °C. 
respectively. Each step lasted for two months. Figure 
4-4 shows the measured and calculated salt 
temperatures for various distances from the heater 
borehole axis, with the uppermost curve representing 
the borehole wall. 

Water release into the heater borehole was 
measured throughout the test and showed increasing 
rates with each temperature increase; the results and 
mechanisms of water release are. however, not a 
subject of this report. 

The extensometers (steel rod extensometers of the 
STITZ type) parallel to the heater borehole and the 
acoustic emission transducers had been installed in 
order to monitor fracturing during the heating period. 
Figure 4-5 shows the readings of a four-point-exten-
someter. Conspicuous are the "negative" deforma
tions following every increase of heater temperature; 
these are in reality caused by thermal extension of the 
steel rods. A discontinuous movement of the anchor 
points was only observed after heater power shut
down at the end of the test, suggesting the formation 
of cool-down cracks [45]. 

Microfracturing, however, increased with every 
change of heater temperature, as was suggested by 
the recorded rate of acoustic emission events. Still, 
an increase in permeability due to this microfrac
turing could not be detected, as there was no pressure 
decrease in the sealed and pressurized permeability 
measurement boreholes during the heating phase. 
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4.1.2 Brine Migration Test 

The "Brine Migration Test" [47] was performed 
from 1983 to 1985 as a US/FRG joint project of GSF 
and the Office of Nuclear Waste Isolation (ONWI). It 
was the first in situ experiment which involved 
radioactive sources besides electrical heaters. 

The specific issues to be investigaled in the test 
were [47] 

H brine inflow as a function of radiation and gas 
pressure as well as temperature and time, 

• gas generation, in terms of composition and 
pressure. 

• stresses acting on waste package, as a function 
of temperature and time, 

• corrosion of candidate waste package mate
rials, 

• effects of radiation and temperature on salt, in 
terms of chemistry, internal structure, and me
chanical behaviour, 

• temperature, stress, and displacement fields in 
the salt, 

• fracturing and cracking in rock salt as a func
tion of both increasing and decreasing tempera
tures. 

In contrast to the Temperature Test 5, which 
involved a single heater, the Brine Migration Test 
comprised four separate test sites. Each test site was 
made up of a vertical central heater borehole 
surrounded by a ring of eight guard heater boreholes 
(see Figure 4-6). This arrangement was meant to 
reduce the temperature gradient and to heat a larger 
volume of salt. Another difference to the 
Temperature Test 5 was the fact that the annulus 
between the central heater and the borehole wall was 
backfilled by a porous medium (alumina beads) to 
allow for a stress build-up on the liner and still be 
able to sample moisture and gases from the borehole 
atmosphere. 

In this respect the Temperature Test 5 can be 
regarded as representing the short-term phase after 
waste disposal (high temperature gradient, low 
stress), while the Brine Migration Test represents the 
long-term phase (lower temperature gradient, high 
stress) [46]. 

Two of the four central boreholes were equipped 
with cobald-60sources besides the heaters in order to 
investigate not only influence of heating, but also of 
irradiating the rock salt. 

The test was performed on the 800-m-level of the 
Asse mine. The central boreholes had a depth of 
about 6 m, with the region between 3.5 m and 5.5 m 
depth being heated and, in two of the boreholes, 
irradiated (see Figure 4-7). The power of the central 
and guard heaters was set in a way that a maximum 
salt temperature of 210 °C and a temperature gradient 
of 3 °C/m on the borehole wall were reached. 

4.1.2.1 Temperature 

The temperature in the heater midplane of one of 
the test sites at various distances from the central 
borehole is shown in Figure 4-8. The initial salt 
temperature was 36 °C. During the first months of 
heating it became obvious that the central heater 
power of 2530 W was not sufficient to reach the 
required boreholes wall temperature of 210 °C. An 
increase of heater power to 3000 W on the 110th day 
of heating resulted in attaining the desired 
temperature. 

The original heater power of 2530 W (central 
heater) and 7220 W (total power of the guard 
heaters) had been set according to pre-test 
calculations. Differences between the calculation 
model and the actual test geometry led to the low 
result for the heater power. After finishing the test 
calculations were performed which took the actual 
geometry and boundary conditions into account. Two 
calculations with different finite element codes, but 
similar models were performed [47, 48]. As both 
codes are two-dimensional, the guard heaters had to 
be modelled as a "ring" around the central borehole. 
Figure 4-9 shows the calculated temperature curves 
for both codes which correspond to the measured 
curves of Figure 4-8. A good agreement can be stated 
both between the calculated curves among 
themselves and also to the measurement results. 

4.1.2.2 Deformation 

Deformations of the rock salt surrounding the test 
field were measured by three-point steel rod 
extensometers with anchor depths of 2.7 m, 7.4 m, 
and 20.0 m. Their arrangement is shown in Figure 
4-10. Moreover, rr casurements of the horizontal and 
vertical gallery convergence and of the floor heave 
were performed. Some measurement results are 
presented in the following figures [47,49]. 

The measured and calculated horizontal and 
vertical convergence of Test Site 2 are shown in 
Figures 4-11 and 4-12, respectively. The conver
gence, which is a relative measurement, has been set 
to zero on Day O (which is the start-up of heating). 
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This is the reason for "negative" time and 
convergence. 

Measurements of the horizontal convergence were 
started right after mining of the lest field, 14 months 
prior to start-up of heating which resulted in a 
marked increase of convergence rates. The change in 
convergence rales after Day 863 is due to the 
stepwise reduction of heater power down to zero at 
the end of the test. 

The agreement between measured and calculated 
convergence is quite good, although it can be slated 
that the calculated horizontal convergence is 
somewhat lower than the measured one, while the 
calculated vertical convergence is too high. 

This effect is explained by the fact that the 
calculations were performed with the two-
dimensional MAUS-code using a cylindrical geome
try, by which the test gallery cannot be modelled 
properly (see Section 4.3). Taking this into account, 
the results are quite acceptable. 

Comparing the vertical convergence to the floor 
heave (Figure 4-13) which was measured by 
levelling, it is obvious that roof sag contributes only 
a minor part to the vertical convergence. This result 
is usually obtained. 

Readings of the vertical extensomeler and the 
corresponding calculation results are shown in Figure 
4-14. The change of length between the deepest 
anchor (20 m) and the reference plate agrees very 
well with the floor heave in Figure 4-13, so that this 
anchor can be considered as immovable (compare 
Section 3.3.3). 

The difference between measured and calculated 
curves are again explained by the geometry 
differences between model and reality. 

4.1.2.3 Stress 

Stress measurements were performed with 
hydraulic pressure cells and straingaged stressmeters 
which had been placed in the heater midplane of the 
Test Sites 1 and 2 at a distance of 2.2 m to the central 
borehole axes (see Figure 4-15). All pressure cells 
failed during heating for reasons which are not clear. 

The straingaged stressmeters were calibrated as 
described in Section 3.4.1. Stress changes as 
measured by a radial (with respect to the central 
borehole) and a tangential stressmeter are shown in 
the Figures 4-16 and 4-17. The figures also show 
corresponding calculation results produced with the 
MAUS code. While the agreement at later times is 
rather good, the measured stress is much lower than 

the calculated one during the first half year of 
heating. There are probably two reasons for this 
effect (compare Section 4-3). 

• An optimal coupling between stressmeter and 
surrounding rock salt is only achieved with 
time, so that the measured data are too low in 
the beginning, 

• the calculation model, which takes only secon
dary creep into account, is too stiff and produ
ces too high results. 

As a consequence, the reality will be somewhere 
between the measurement and the calculation results. 

4.1.2.4 Acoustic Emission 

After 863 days of heating the heater power was 
reduced to zero in seven steps each taking four days. 
It was meant to reduce cool-down cracking by this 
phased power shut-down, but acoustic emission 
monitoring at one of the test sites during this time 
still revealed extensive cracking [47]. The radial 
distribution of seismic sources is shown in Figure 
4-18. It can be seen that most of the events occurred 
within a radius of 4 m around the central borehole. 
The source location was confirmed by posttest core 
drilling when fractured cores were got from the 
region where seismic sources had been located. 

4.1.3 The HAW- Experiment 

In order to prove the safe disposal of high-level 
radioactive waste (HAW) the HAW experiment was 
planned as a large scale repository simulation 
experiment. The project was a joint task of the 
"Energieonderzoek Centrum Nederland" (ECN), the 
"Agence Nationale Pour la Gestión de Déchets 
Radioactifs" (ANDRA), ENRESA, and GSF. The 
following requirements were considered necessary 
for a representative experiment transferable to a real 
repository [50]: 

• The dimension of the test field were to be as si
milar as possible to those of a real repository. 

• The radioactive canisters used should generate 
a representative surface dose rate and heat 
power. 

• Reliable data were to be gained in regard of the 
consequences of the interaction between the 
HAW canisters and the host rock. 

• The technical components used for transport 
and emplacement of the radioactive canisters 
should be applicable in a future repository wi
thout significant modifications. 
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In order to simúlale interfering temperature fields 
similar to those in a real repository, six emplacement 
boreholes provided with radioactive canisters in two 
parallel galleries were considered adequate. In 
addition to the emplacement boreholes there is an 
electrically heated reference borehole in each of the 
two galleries. The arrangement of the boreholes in 
the galleries is shown in Figure 4-19. 

All boreholes have to be lined in order to guarantee 
the retrievability of the radiation sources. While the 
gaps between the liners and the borehole wall are 
backfilled with a porous medium (alumina beads) in 
the boreholes of gallery A. they are left open to allow 
for a free convergence of the boreholes in gallery B. 
A cross section of an emplacement borehole is given 
in Figure 4-20. They lay-out values for the maximum 
temperature of the salt are between 160 °C und 230 
°C depending on the borehole (see Figure 4-19). 

The objectives of the HAW experiment were the 
following [50]: 

O Development of a transport and emplacement 
system for HAW canisters 

a Study of the release (rates and quantities) of 
water and gas components as a result of heat 
release and gamma-radiation and the resulting 
rise of the gas pressure in the emplacement bo
reholes 

H Study of the thermally induced stresses and re
sulting displacements in the boreholes, galle
ries, and pillars with respect to the validation of 
computer models 

• Development and testing of suitable measuring 
methods for the safety monitoring of a final re
pository during the construction and operating 
phases. 

While the radiation sources have not been 
emplaced in the boreholes and the emplacement is no 
longer planned, the electrical reference tests are 
running since 1988, together with the complete in 
situ measurement program. Thus, a big amount of 
data on the thermal and mechanical response of the 
rock salt to heating is available, the most important 
of which are presented in the following sections. 

4.1.3.1 Temperature 

Since November 1988, the two reference boreholes 
Al and Bl have been electrically heated with a 
power of 9315 W per borehole. The resulting 
temperature on the liner and in the salt is measured 
with thermocouples which are located on three 
azimuths around each borehole. The arrangement of 
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thermocouples on one azimuth is shown in Figure 
4-21. 

The temperatures measured at various radii in the 
heater midplane of the two boreholes are shown in 
Figure 4-22 and 4-23, respectively. While the 
temperatures at larger distances from the heaters are 
comparable al A i and Bl, (here is a significant 
difference between the borehole wall temperatures 
during the first months of heating. This is due to the 
difference in the design of the two boreholes: 

While there was a good heat transfer from the 
heater to the salt in the backfilled borehole Al, the 
air gap between heater and borehole wall of Bl 
provided a thermal insulation that caused a 
temperature peak near the heater which was only 
reduced when the borehole wall and the liner got into 
contact, after closing of the air gap by borehole 
convergence. 

Figure 4-24 shows a comparison between a 
measured and a calculated radial temperature profile 
for borehole Al. The calculation was performed 
using the two-dimensional finite element code 
ANSADT. A good agreement between the measured 
and calculated values can be stated. 

4.1.3.2 Deformation 

The techniques used to investigate the 
displacement in the salt surrounding the HAW test 
field are 

• horizontal and vertical convergence measure
ments in the galleries, 

• displacement measurements by fiberglass ex-
tensometers located in the walls, the pillar, the 
floor, and the roof, 

• floor levelling, 
• inclinometer measurements in the walls and the 

pillar and on the floor. 

An overview of the instrumentation for 
displacement measurements is given in the Figures 
4-25 and 4-26. 

Convergence is measured in four cross-cuts of the 
galleries near each emplacement/heater borehole. 
Figure 4-27 shows the measured horizontal 
convergence of gallery A (the measurement results of 
gallery B are similar). The horizontal convergence 
measurements were already started during test field 
mining, the high convergence rates obtained in 1985 
illustrate this phase. The convergence rate afterwards 
reduced to 20-23 mm/yr [51], until with the 
beginning of heating of the reference boreholes in 
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November 1988 an increase was realized at AI and, 
diminished, also at A2. 

The readings of the horizontal extensometer in the 
10 ni wide pillar between Al and Bl, recorded from 
start-up of heating, are shown in Figure 4-28. The 
three curves P1-EX001, P1-EX002, and P1-EX003 
show the change of length between the wall of 
gallery A and anchors located in depths of 2 m, 5 m, 
and 8 m, respectively. The change of length between 
the anchor in 8 m deptli and the wall of gallery B is 
given by the curve P5-EX001, so thai the total pillar 
dilatation is achivcd as the sum of P1-EX003 and 
P5-EX001. 

A significant decrease of the pillar defonnation rate 
is visible at the end of 1989, one year after start-up of 
heating, the same can be stated for the horizontal 
convergence at Al (see Figure 4-27). This is due to a 
change in ventilation that lowered the temperature of 
the test galleries surfaces by about 2 °C. This is 
another consequence of the temperature dependence 
of creep. 

As an example for vertical defonnation Figure 4-29 
shows the vertical convergence of gallery A. 
Measurement of the vertical convergence was started 
only six weeks prior to heating of the reference 
boreholes. Start-up of heating resulted in a strong 
increase of the vertical convergence rate at Al (and 
Bl) to values around 70 mm/yr; by the end of 1991 
the convergence rates ranged between 13 mm/yr 
(A4) and 20 mm/yr (Al) [50]. 

The readings of the vertical extensometer in the 
floor near Al are shown in Figure 4-30. The 
extensometer anchors are in depths of 5 m 
(AI-EX001). 10 m (A1-EX002). 20 m (A1-EX003). 
and 40 m (A1-EX004) . It can be taken from the 
figure that at early times (about half a year of 
heating) no significant dilatation between the anchors 
at 20 m depth and 40 m depth takes place, while 
afterwards the two curves diverge. This behaviour 
can be related to the spread of the temperature field. 
The total dilatation between the lowest anchor and 
the mine floor was about 51 mm by the end of 1991. 
This value compares rather good to the floor heave of 
58 mm (see Figure 4-31). Thus it can be stated that 
only little vertical movement takes place at a depth of 
40 m below the floor. The difference between 
vertical convergence (about 88 mm at Al by the end 
of 1991) is again interpreted as roof sag; as usual, 
floor heave is the predominant contribution to 
vertical convergence. 

The vertical displacements of the floor and of the 
anchor points at 5 m, 10 m, and 20 m below the floor 

can be calculated from the extensometer readings 
assuming the anchor at 40 m depth as immovable. 
These displacements are compared to the results of 
pre-test calculations performed with the twodimen-
sional ANSALT code in Figure 4-32 [34]. Obviously 
the measured displacements are much higher than the 
calculatedones, which is explained by two facts (see 
also Sections 4.1.3.3 and 4.3): 

• The axisymmetric model has a higher stiffness 
than the real three-dimensional gallery. 

• Transient (primary) creep could not be taken 
into account in the calculation. 

4.1.3.3 Stress 

Since no standardized streYs measurement method 
is available, various stress measuring devices have 
been installed in the HAW test field. These comprise 

• straingaged stressmeters 
• hydraulic pressure cells 
• AWID Hat jacks. 

An overview of the location of stress measuring 
devices in the HAW test field is given in Figure 4-33 
and 4-34. 

Prior to the mining of the test galleries, a stress 
monitoring station consisting of six hydraulic 
pressure cells was installed in the pillar and 
pre-stressed by injection of synthetic resin. The 
measurement direction of the cells is perpendicular to 
the pillar axis. The secondary principal stress 
components calculated from the readings of the 
station are shown in Figure 4-35. Initial fluctuations 
in the stress values (until October 1985) are caused 
by mining of the test field. Since 1990 the average 
major and minor principal stresses are 20.8 MPa and 
3.6 MPa, respectively, with the deviation of the 
major stress from the vertical direction being 9.8° 
[50]. The vertical stress component and the 
horizontal stress component in the pillar axis, as 
measured by straingaged stressmeters in the pillar 
between Al and Bl, are shown in Figure 4-36. Both 
stressmeters indicate a stress value of about 15 MPa. 
The difference between the vertical stress measured 
by the straingaged stressmeter to that of the stress 
monitoring station is probably due to the problematic 
calibration of the straingaged stressmeters (see 
Section 3.4.1). The data of the stress monitoring 
station are considered to be the more reliable ones. 

Stress measurements in the floor of the test field 
are performed by AWID flat jacks (at 2.24 m 
distance to the heater boreholes Al and Bl) and by 
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hydraulic pressure cells (at 7.5 m distance to the 
heater boreholes). The measuring devices were 
grouted in boreholes without pre-stressing. Figure 
4-37 shows the radial stress change near borehole Al 
as measured by AWID flat jacks and hydraulic 
pressure cells in comparison to corresponding results 
of calculations performed with ANSABT for a 
cylindrical model [34]. Although there is a 
qualitative match between the measured and 
calculated curves, it has to be stated that there are 
large discrepancies between measurement results and 
calculations. Reasons for these are the higher 
stiffness of the calculation model compared to reality 
(this is caused by the cylindrical geometry and the 
missing transient creep; see also Section 4.1.3.2) 
which results in higher stresses and the problem of 
coupling of the flat jacks and pressure cells to the 
rock (see Section 3.4.2). 

4.1.3.4 Microseismics 

Both passive and active seismic measurements 
have been performed in the course of the HAW test. 
The transducers employed were piezoelectric 
accelerometers. The data were recorded with a 
sample rate of 50 kHz, 90 that a evaluation of 
frequencies up to 10 kHz was possible. 

For the passive seismic measurements seven 
probes were installed around the test field, four of 
which were designed as three-component probes. 
From January 1989 to July 1990 a total of 473 events 
were monitored in the region of the test field. The 
measured amplitudes ranged from 0.01 to 2 m/s2, 
referred to a distance of 100 m from the source [42]. 

Figure 4-38 shows the source location results of the 
first quarter of 1989. The size of the symbols is a 
logarithmic measure of the amplitude of an event. 
From the figure it is evident that the center regions of 
the floor of the test galleries exhibit the strongest 
accumulation of microseismic activity, rather than 
the surroundings of the heater boreholes Al and Bl. 
Especially, many events were located close to the 
empty emplacement boreholes or to instrumentation 
boreholes, which is quite obvious in Figure 4-39. 
This figure shows the seismic sources in the floor of 
gallery A in a vertical cut. 

From the results of source location as well as from 
the fact that short interruptions of heating had no 
significant effect on seismicity it is concluded that 
the microseismic activity is a result of the excavation 
of the test galleries and boreholes rather than of the 
heat input [34]. 

Seismic traveltime measurements were performed 
in oder to investigate loosening and consolidation 
effects around one of the heater boreholes (Bl) and 
in the pillar between the two test galleries. 

31 transducers were mounted at fixed positions on 
the pillar and additional 12 transducers could be 
operated at variable depths in 4 boreholes around the 
electrically heated borehole Bl [43]. Two artificial 
sources (pneumatic hammers) were used in the pillar 
and one additional source could be used at variable 
depth in a borehole close to the heater borehole Bl. 

The seismic transducers and sources were installed 
as illustrated in Figure 4-40. The source operating in 
the borehole of gallery B was designed to produce 
pulses in two directions (axial and radial). The two 
sources in the pillar were designed for short 
boreholes with the same diameter as the transducer 
probes (76 mm) and provided only axial pulses. 

As a first result the seismic velocities were 
determined to be in the normal range for in situ 
conditions at the Asse. The travel times in the pillar 
between the galleries remained constant within the 
accuracy of measurement (about 0.1 ms). For 
perpendicular paths, in relation to the structural axis, 
i. e. parallel to the gallery axis, compressional wave 
velocities of 4.43 km/s and for oblique paths 
velocities up to 4.58 km/s were measured [42]. 

In the pillar a loosening zone (deformed rock zone) 
close to the slope is evident but in the center a high 
velocity zone can be deduced, interpreted as a zone 
which is free of cataclastic effects [42]. 

In the vicinity of heater borehole B1 also a slight 
decrease of velocities of about 0.1 km/s was 
observed during the first half-year of heating. 
Afterwards the seismic velocities remained constant 
[50]. 

4.1.4 The MHV Experiment 

The MHV experiment (test disposal of intermediate 
level waste and high temperature reactor fuel 
elements in boreholes) was planned as a disposal 
simulation of heat producing intermediate level 
wastes in boreholes. Project partners were the 
"Forschungszentrum Julich" (KFA), the "Bundesans-
talt fur Geowissenschaften und Rohstoffe" (BGR), 
and GSF. 

The test gallery (see Figure 4-41) on the 
800-m-level of the Asse mine contains five 10 m 
deep boreholes with a diameter of 1 m each. Three of 
these boreholes were designed for emplacing the 
radioactive waste (fuel claddings and structural parts 
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and dissolver sludge from the reprocessing plant in 
Karlsruhe, spent fuel elements from the high 
temperature test reactor in Julich), while in the other 
two electrical reference tests have been performed 
since 1989. In contrast to high level waste 
emplacement tests like the BMT or the HAW 
experiment the boreholes are not lined. Instead they 
contain a rack that provides a guidance for the waste 
drums. The rack is also equipped with an additional 
electrical heating that simulates the convection heat 
resulting from the drums emplaced below 10 m depth 
in a real (300 - 600 m deep) repository borehole. 
Between the guidance rack and the borehole wall is 
an originally 11 mm wide annulus. During the 
experiment this annulus decreases because of 
borehole convergence. The geometry was designed 
in a way that during the test period the borehole wall 
would not reach the guidance rack. The annulus is 
monitored in five levels with three displacement 
transducers per level. Figure 4-42 shows the 
equipment of an emplacement borehole. 

The reference boreholes are equipped in the same 
way as the emplacement boreholes. Additionally they 
contain devices for borehole convergence 
measurements (see Section 3.3.1.2). 

The reason for running two reference tests was the 
fact that in some of the boreholes brine carrying 
sulfatic layers were exposed. As the influence of 
brine inflow (10 - 25 g per day) on the borehole 
convergence was not clear, it was decided to run two 
reference tests, one in a "dry" borehole and one in a 
"wet" one. 

Prior to starting the reference tests the test field had 
been instrumented with devices for measuring 
temperature (resistance temperature detectors), 
deformation (fiberglass extensometers and 
convergence measuring tapes), and stress (hydraulic 
pressure cells). The recorded data were considered 
necessary for the validation of design calculations 
[53]. A special task was the investigation of the 
influence of the moisture contained in the salt on the 
deformation behaviour. 

Figure 4-3 shows the geotechnical instrumentation 
of the test field. In the following sections some 
results are presented. 

4.1.4.1 Temperature 

Heating of the reference boreholes started in March 
(the "wet" borehole EV5) and April (the "dry" 
borehole EVl), 1989, respectively. While EVl was 
heated with a constant power of 1200 W (the heated 
length of the borehole being the lower 3 m), EV5 

was heated temperature-controlled in order to get the 
same borehole wall temperatures for both reference 
tests. Figure 4-44 shows the temperature in the heater 
midplane (8.5 m below floor) for various distances 
from the borehole wall of EVl. It can be seen that the 
borehole wall temperature rises from the ambient 
temperature of 34 °C to a final value of 48 °C in 
about half a year. Design calculations [53] predicted 
a maximum temperature of 61 °C, but the 
discrepancy can be mainly explained by the fact that 
for the calculations an originally higher ambient 
temperature of 40 °C was assumed. 

4.1.4.2 Deformation 

Measurements of deformation had results 
analogous to those performed in the HAW test field 
(Section 4.1.3.2), although due to the smaller heat 
input start-up of heating had no influence on the 
horizontal convergence. Vertical convergence, 
however, was again accelerated by heating, with the 
major part of convergence contributed by floor 
heave. 

The influence of ventilation temperature on 
deformation rates could also be seen. Even seasonal 
changes of air temperatures have an effect on the 
convergence rates, as can be seen in Figure 4-45 
where the convergence rate measured in the gallery 
middle is shown together with the temperature of the 
wall. 

Of special interest ist the borehole convergence of 
the two reference boreholes. The convergence rate as 
measured in the "wet" borehole EV5 in 6 m depth (1 
m above the heater) is shown in Figure 4-46. As this 
borehole is heated temperaturecontrolled, several 
increases of power were needed to reach the same 
borehole wall temperature (48 °C) as in borehole 
EVl. The influence of start-up of heating and of 
these power increases on the convergence rate can be 
clearly seen. After about one year of heating the 
convergence rate became quasi stationary, with a 
value of 4 mm/year. The convergence rate of the 
"dry" borehole EVl is by about 30% lower. This 
rather small difference cannot be interpreted as a 
significant influence of the moisture contained in the 
sulfatic layers at EV5. 

4.1.4.3 Stress 

Stress was measured using a stress monitoring 
station consisting of four horizontally orientated 
hydraulic pressure cells installed at 2.8 m distance 
from the reference borehole EVl in the heater 
midplane. The measuring angles of the pressure cells 
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are (relative to borehole EV1) 0°, 45°, 90°, and 135°. 
The pressure cells were instlaled without 
pie-stressing airead)' one and a half years prior to 
start-up of heating. Therefore, the measured values 
were originally rather low, but increased with time 
(see Section 3.4.2). The tangential component 
showed the highest values and the radial the lowest 
(see Figure 4-47), which is in agreement with the 
design calculations [53]. Start-up of heating produces 
a pressure increase by 1.5 MPa at all cells. This quasi 
hydrostatic stress increase was also predicted by 
calculations, although the calculated value was 
higher. This can be explained by 

• the fact that the temperature increase was lower 
than calculated, 

B the cylindrical symmetry of the calculations 
(see Seclions 4.1.3.3 and 4.3), 

• the probably not optimal coupling between 
pressure cells and rock. 

4.2 Tests on Drift Disposal 
and Drift Sealing 

4.2.1 The TSS 

The German concept for direct disposal of spent 
fuel elements is based on the storage of shielding 
containers (so-called POLLUX casks) with spent fuel 
in the drifts of a repository, which are backfilled with 
crushed salt directly after emplacement. The 
POLLUX cask has a diameter of 1.5 m, a length of 
5.5 m and a weight of up to 65 tons. It contains up to 
10 fuel elements producing a maximum heat power 
of 7.5 kW, depending on the time of interim storage 
[54]. 

The TSS ("Thermal Simulation of Drift Disposal") 
contributes to the safety proof of the drift disposal of 
spent fuel elements. Its objective is the investigation 
of the properties of the crushed salt and the salt rock 
surrounding the casks and the influence of heating 
which results in elevated temperatures and stresses 
and accelerated convergence of the drifts. The TSS is 
a joint project of the "Bundesanstalt fur Geowissen-
schaften und Rohstoffe" (BGR), the "Deutsche 
Gesellschaft zum Bau und Betrieb von Endlagern fur 
Abfallstoffe" (DBE), the "Gesellschaft fur Nuklear-
service" (GNS), the "Kernforschungszentrum Karls
ruhe" (KfK), the "Freie Universitat Berlin" and GSF. 

The experiment is perfonned on the 800-m-level of 
the Asse mine. A total of six electrically heated casks 
which are identical to the PODLUX casks with 

respect to size, weight, and heat production were 
placed in two parallel test drifts (see Figure 4-48). 
The drifts have a length of 70 m and a cross section 
of 14 nr, with a pillar of 10 m width in between. The 
distance from cask to cask is 3 m. For the geotech-
nical measurements instrumentation boreholes had 
been drilled from the test drifts and from the 
750-m-level (see Figure 4-48). 

After instrumentation installation and emplacement 
of the casks the drifts were backfilled with crushed 
salt. Heating started in September. 1990. The 
following sections deal with some measurement 
results obtained since then. 

4.2.1.1 Temperature 

Heating was started with a power of 6.4 kW per 
cask. This value corresponds to the heat power of 
eight PWR fuel elements after an interim storage of 
10 to 20 years. The temperature distribution in a 
vertical cross section as measured 106 days and one 
year after start-up of heating is shown in Figure 4-49 
and 4-50, respectively [54, 55]. Inhomogeneities in 
the isotherms are due to interpolation problems in the 
coarse net of temperature transducers (a total of 662 
resistance temperature detectors have been placed in 
the test field). 

The temperature of the cask surfaces is shown in 
Figure 4-51. It can be seen that about four months 
after start-up of heating the maximum temperature of 
210 °C is reached. This value is in a rather good 
agreement with calculation results performed using a 
three-dimensional model [56]. Afterwards the 
temperature decreases by about 15 °C within one 
year, which is interpreted as an increase in the 
thermal conductivity of the backfill due to 
compaction [54]. 

Figure 4-52 shows the temperature development at 
different locations in the salt rock. After one and a 
half years of heating the temperature of the drift wall 
is still below 80 °C. The results of these measu
rements again agree with the thermal calculations 
[56]. 

4.2.1.2 Deformation 

For the convergence measurements in the 
backfilled emplacement drifts the measuring devices 
described in Section 3.3.1.1 were developed. 

The convergence of the emplacement drifts as 
measured in the midplane of the casks and in a cross 
section between the casks is shown in the Figures 
4-53 and 4-54, respectively. Note that in these figures 
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convergence is plotted as negative displacement. It 
can be seen that start-up of heating has an immediate 
impact on the convergence rate measured near the 
casks (Figure 4-53), while in the "cold" part of the 
drifts between the casks an increase of convergence 
rates is delayed by about three months (Figure 4-54). 
according to the spread of temperature and thermally 
induced stress. Then the horizontal convergence rate 
increases by 20%. while the vertical convergence rate 
doubles, that means vertical convergence is much 
more influenced by heating than horizontal 
convergence. This is probably due to the fact that the 
heat transfer into the drift floor is better than into the 
walls, as the casks lie on the floor, while between the 
casks and the walls (and also the roof) there is the 
thermally insulating backfill [54]. 

In the midplane of the casks the acceleration of 
convergence by heating is much higher than in the 
"cold" part of the drifts. After start-up of heating the 
convergence rates is increased by a factor of 8.5 
(horizontally) and 9 (vertically). The difference 
between horizontal and vertical convergence rates is, 
however, not 90 obvious. This is probably due to the 
fact that the vertical convergence cannot be measured 
in the middle of the drift (because of the cask, see 
Figure 4-53), where convergence is certainly higher 
than at the edge. 

4.2.1.3 Stress 

The stress measurements performed within the TSS 
have two objectives: 

• Determination of absolute stress in the test re
gion 

• Monitoring of stress changes during test drift 
excavation and heating 

For achieving the first objective BGR performed 
several overcoring tests in horizontal boreholes in the 
vicinity of the test field [54], The tests are being 
evaluated with the method described in Section 3.4.4. 
Figure 4-55 and 4-56 show preliminary results for the 
maximum and minimum secondary stress compo
nents and the deviation of the maximum stress 
component from the vertical, respectively. The 
maximum stress component was determined to lie 
between 9.8 and 14.8 MPa, with a mean value of 
12.2 MPa which is considerably lower than the 
pressure calculated from density and thickness of the 
overburden of nearly 18 MPa. This important result 
can be put down to the fact that the Asse mine is 
rather old and has large openings, so that the actual 

stress state differs substantially from the one of an 
undisturbed formation. 

For stress change measurements in the test field 
hydraulic pressure cells had been installed in vertical 
boreholes drilled into the test area from the 
750-m-level of the Asse mine. The pressure cells 
were prestressed to values between 10 and 15 MPa 
by injection of synthetic resin (compare Section 
3.4.2) in order to reduce the deviation of the cells' 
readings from the initial stress. Measurements started 
already before the excavation of the test drifts. The 
Figures 4-57 and 4-58 show measurement results for 
stress components recorded in the pillar between the 
two heated drifts and from the roof of one of the 
drifts, respectively. 

In Figure 4-57 the vertical stress component, the 
horizontal stress component parallel to the drifts, and 
the horizontal Component orthogonal to the drifts, as 
measured in the pillar, are shown. The excavation of 
the test drifts in 1989 resulted in an increase of 
vertical (nearly 5 MPa) and longitudinal (1.5 MPa) 
stress, while the stress component orthoghonal to the 
drifts is reduced to 2.5 MPa. Afterwards only small 
stress changes can be noticed except for a steady 
increase in vertical stress, until start-up of heating in 
September 1990 caused an increase in all compo
nents which was reduced by stress redistribution to 
the values before heating within half a year. 

The stress components measured in the roof of one 
of the test drifts (Figure 4-58) are also strongly 
affected by the drift excavation; here, the vertical 
stress is reduced to zero and the horizontal stress 
orthogonal to the drifts increases, as can be expected. 
While horizontal stress increases again with start-up 
of heating there is no reaction of vertical stress which 
shows that there is no force transfer between the 
backfill and the roof yet [54]. 

The pressure build-up between backfill and drift 
edges is also measured by hydraulic pressure cells 
(see Figure 4-59). The results obtained within one 
year of heating, however, are with values below 1 
MPa rather low. 

4.2.1.4 Backfill Behaviour 

The behaviour of the backfill, especially its 
compaction and load reception, are of special interest 
for drift disposal. As no ascertained material law for 
backfill is yet available, the investigation of backfill 
behaviour is a major part of the TSS. The 
investigation methods will only be shortly mentioned 
here. 
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Backfill compaction, that means changes of back
fill porosity/density, are investigated by three inde
pendent methods: 

• Gamma-gamma-radiometry 
• Active seismic measurements 
• Gravimetry 
Gamma-gamma-radiometry is a geophysical 

standard method for density measurements which is 
based on the density dependence of gamma 
absorption. It is periodically performed in two lined 
boreholes in the backfill. 

Active seismic measurements make use of the 
dependence between sound velocity and density. For 
the detection of changes in the backfill density 
seismic sources and receivers have been placed in the 
backfill. 

Gravimetry is performed with a highly sensitive 
gravimeter installed on the 750-m-level above the 
backfilled drifts. 

No change in the backfill density has yet been 
found by any of the above mentioned measurements, 
that means the degree of compaction is still too low 
to be detected. 

4.2.2 The Dam Test 

In the multibarrier concept of radioactive waste 
disposal the so-called dams, that means the drift 
seals, have the function of increasing the safety of the 
repository during both the operational phase and the 
post-operational phase. 

The project "Dam Construction in Salt Formations" 
is a joint task of BGR, DBE, and GSF. Its objective 
is to prove the longterm sealing capability of an 
entire dam construction. 

For building a one-to-one scale test dam an 
experimental field was excavated on the 945-m-leveI 
of the Asse salt mine. 

An important part of the dam, the long-term seal, is 
subjected to a separate in situ test also being 
performed on the 945-m-level [57]. This test is a 
joint project of AriDRA, ENRESA, DBE, and GSF. 

An overview of the whole test field including the 
observation drifts on the 878-m-level of the Asse 
mine is given in Figure 4-60 [57]. 

Although extensometers, inclinometers, and 
hydraulic pressure cells have been installed in 
boreholes drilled from the observation drifts into the 
region of the test field [58], the main interest of the 
dam test lies on permeability measurements of the 

dam system which are not discussed here. Of interest 
for this report are, however, hydraulic fracturing 
experiments which were performed in order to 
provide information on the absolute stress. 

4.2.2.1 Absolute Stress Measurements 

Hydraulic fracturing tests were performed in 
horizontal boreholes, one on the 878-m-level and two 
on the 945-m-level [57]. The measurement technique 
was the same as described in Section 3.4.5. The 
following Figures 4-61 through 4-63 show the 
measurement results. 

The lowest curves in the figures show the shut-in 
pressure which is interpreted as the lowest major 
stress. An interesting effect is the result that the 
shut-in pressure on the 878-m-level is higher than on 
the 945-m-level. If the shut-in pressure is really 
identical to the lowest major stress, this would again 
show clearly that the stress state at the Asse mine 
varies distinctly from that of an undisturbed 
formation. 

4.3 Comparison of the Test Results 
to Model Calculations 
for Validation of Material Law 
Approaches 

In the previous Sections 4.1 and 4.2 measurement 
results for temperature, displacements, and stress 
gathered in various in situ tests have been presented 
and put in relation to calculation results. The 
importance of the calculations lies in the fact that 
they have to be used for proving the long-term safety 
of a repository, since obviously no experiments can 
be performed over periods of hundreds of years. 
Naturally, the calculation tools and methods have to 
be qualified. The comparison of predictive 
calculations for in situ tests to actually measured data 
is part of the validation of calculation models. 

Two potential causes of erroneous or inexact 
calculations are the following: 

• Inadequate constitutive laws or material para
meters, 

K wrong boundary conditions. 

Because of the complexity of the investigated 
systems the calculations usually have to employ 
finite element or finite difference techniques, which 
introduces a third potential error source [59]: 

• Symmetry and discretization problems. 

58 



4. In Situ Investigations on the Thermal and Mechanical Behaviour of Rock Salt... 

Regarding thermal calculations, the previous 
sections indicate that the mechanism of heat flow is 
well understood and that material parameters and 
boundary conditions determining heat flow were 
known well enough in all experiments to allow for 
good calculation results. Two-dimensional axisym-
metric models were sufficient for borehole tests with 
no thermal interaction between different boreholes. 
For more complex symmetries like the TSS, 
however, three-dimensional models had to be used. 

Looking at the mechanical calculations, the 
following statements have to be made: 

• The HAW and the MHV calculations (code 
ANSALT) involved axisymmetric models and 
only secondary creep, which resulted in an un
derestimation of deformation and an overesti-
mation of stress. 

• The two-dimensional MAUS code used for the 
BMT calculations includes also a primary 
creep term, the results are somewhat better 
than those of ANSALT. It should be mentio
ned, however, that these calculations were per
formed when the measurement results were al
ready known. 

• For the TSS mechanical calculations MAUS 
was used, too, in this case with a plane model 
simulating an indefinite length of the emplace
ment drifts. An additional problem was intro
duced by the backfill and the description of its 
behaviour. 

The creep laws used by ANSALT and MAUS and 
the material parameters used for the calculations are 
shown below. 

ANSALT 

MAUS 

é2 = /42 expi
ar 

- 5 , 

)a" 

E = 25 GPa;v = 0.27;a = 4-\0~:'IK; R = 83l43J/(nwlK) 

Ai = 1.8 10 "' MPa ~5/d; tn = 5 ; Qi = 54 kJImol 

£,,,.»- = K exp ( - -j*=) (a - Co)"" if <J > <J0 else 0 
RT 

(primary creep term) 

é,,,.„ = A « e x p ( - — ) G Q •. _nst 

(secondary creep term) 

E = 25 GPa; v = 0.25; a = 4 • 10 IK 

A„. = 0.42 Mpa ~uld; ntr = 14; Q = 57.2 kJImol 

A„ = 0.42 Mpa ~5ld; nst = 5; Q = 57.2 kJImol 

The parameters have been determined in laboratory 
(see Section 3.2). Prij [59] suggests a different 
approach: He derives a creep law from in situ 
measurements in a 300 m deep borehole in the Asse 
mine, as shown below (m = O). 

é^AoVexpí-J^) 

E = 7.6GPa;v = 03;a = 4- 10 3IK; 

A = 22.9 MPa~55 Id; n = 5.5; Q = 68.59 kJImol 

The resulting parameters cannot be looked at as 
"real" material parameters, but they can be seen as 
"adjusted" parameters that make a correction for the 
primary creep. This constitutive law was used by Prij 
for predictive calculations on the HAW experiment 
and showed rather good results [59]. 

The question of adequate boundary conditions for 
mechanical calculations is mainly the question of the 
initial stress state. In an undisturbed formation the 
weight of the overburden (the "petrostatic pressure") 
may yield a correct value; in an old mine with large 
excavations like the Asse mine this is not the case, as 
the various measurements have shown. Here, an 
improvement of accuracy of the absolute stress 
measurement methods would be of great help. 
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Figure 4-1: Overview of the TV5 test layout [45]. 
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Figure 4-2: Horizontal section through the TV5 [45]. 
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Figure 4-3: Vertical section throungh the TV5 [45]. 



4. In Situ Investigations on the Thermal and Mechanical Behaviour of Rock Salt. 

)°0 %c 

• Measured data 

— Predicted data 

100 150 200 

Time in Days 

A1 (r = 0.14m) 

Figure 4-4: Salt temperature measured at various distances from the heater borehole (A1 = borehole wall) [45]. 
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Figure 4-5: Readings of an extensometer parallel to the heater borehole of TV5 [45], 
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Figure 4-6: Overview of a Brine Migration Test site [47], 
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Figure 4-7: The Brine Migration Test field [47]. 
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Figure 4-8: Temperature measured in the heater midpiane of Test Site 2 [47]. 
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Figure 4-9: Calculated temperatures in the heater midplane of a BMT site [47], 
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Figure 4-11: Measured and calculated horizontal convergence, Test Site 2 [49]. 
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Figure 4-12: Measured and calculated vertical convergence, Test Site 2 [49]. 
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Figure 4-13: Measured vertical closure and floor heave, Test Site 2 [49]. 
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Figure 4-14: Measured and calculated readings of the vertical extensometer, Test Site 2 [49]. 
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Figure 4-15: Arrangement of hydraulic pressure cells and straingaged stressmeters at a BMT site [47]. 
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Figure 4-16: Measured and calculated radial stress at a BMT site [47]. 
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Figure 4-17: Measured and calculated tangential stress at a BMT site [47]. 
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Figure 4-19: The HAW test field with the arrangement of the emplacement and heater boreholes [50]. 
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Figure 4-20: Emplacement borehole of the HAW test [50]. 
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Figure 4-21: Arrangement of thermocouples around an emplacement borehole [50]. 
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Figure 4-22: Temperature rise in the heater midplane of Test Site A1 [50]. 
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Figure 4-25: Arrangement of extensometers in the walls and the floor of the HAW test field [50]. 
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Figure 4-38: Distribution of microseismic events recorded in the HAW test field in the first quarter of 1989 [50]. 
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Figure 4-39: Distribution of microseismic events recorded in the floor of gallery A during the first half year of 1989 
[50]. 
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Figure 4-40: Arrangement of seismic sources (Q) and transducer probes around the heater B1 (R1...R4) and the 
pillar (indicated: number of components) [43]. 
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heating [55]. 
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Figure 4-52: Temperature at different locations in the salt [54]. 
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Figure 4-54: Horizontal and vertical convergence of the two drifts in a cross section between the casks [54]. 
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Figure 4-61: Results of a hydraulic fracturing test on the 878 m level of the Asse mine [58]. 
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Figure 4-63: Results of a hydraulic fracturing test on the 945 m level of the Asse mine [58]. 
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5. Relevance of the Results Obtained at Asse for the Situation In Spain 

5.1 Reference Concept 
for Radioactive Waste Disposal 
in Spain 

The Spanish reference concept for high level waste 
disposal in salt is based on the emplacement of 
self-shielding HkW casks in the drifts of a repository 
mine excavated in a bedded salt formation. 

The Custos Type 1 cask can hold 7 PWR spent fuel 
assemblies or alternatively 21 BWR type assemblies. 
It has a diameter of 1.65 m. a length of 5.4 m and a 
weight of about 65 metric tons. 

The final repository is designed to admit a total of 
11. 850 PWR, 8.150 BWR spent fuel assemblies, and 
50 vitrified waste canisters over a period of 25 years. 

The boundary conditions meant to guarantee the 
mechanical stability of the repository are 

• a maximum temperature at the interface waste 
package/salt of 100 °C and 

• a temperature increase at the transition 
salt/overburden that does not exceed 25 °C. 

With these temperature limits it was calculated that 
the minimum thickness of the salt formation has to be 
150 m, assuming that the repository is constructed in 
the middle of the salt layer. The minimum distances 
between the waste packages in a drift and between 
the emplacement drifts were computed to be 6 m and 
19 m, respectively. 

5.2 Transferable Methods 
and Results 

As the Spanish reference concept for radioactive 
waste disposal in rock salt incorporates drift 
emplacement of HLW casks, the methods and results 
of the TSS (see Section 4.2.1) are of special interest 
for disposal of radioactive waste and for repository 
simulation experiments. Nevertheless, the expe
riences of the numerous borehole tests performed at 
Asse are of importance, too. Summing up all these 
experiences, the following statements can be made 
about geotechnical in situ measurements: 

• As the salt temperatures are not going to exce
ed 100 °C, platinum type resistance temperatu
re detectors are the most fit for temperature 
measurements. 

• Deformation measurements in boreholes can 
be best performed with fiberglass rod extenso-
meters and/or fixed-in-place inclinometers. For 
convergence measurements in backfilled drifts 
the convergence meter developed for the TSS 

has proved adequate, while in open drifts mea
surements with steel tapes will suffice. 

• Absolute stress determination can only be per
formed by overcoring and/or hydraulic fractu
ring; one has to be aware of the uncertainties of 
these measurements. For stress change measu
rements hydraulic pressure cells and, in case of 
higher temperatures, AWID fiat jacks are ade
quate. The interpretation of their readings 
could be improved by extended calibration. 

• Various methods for measurements of backfill 
parameters (density/porosity; see Section 
4.2.1.4) have been used during the TSS and are 
available. 

In situ measurements have to be compared to 
calculations, which give a more complete picture of 
the salt behaviour. For calculations of the thermal 
and mechanical behaviour of rock salt, the following 
statements can be made: 

• Thermal and mechanical parameters of the salt 
which are used in calculations have to be care
fully determined in laboratory. In a first run, 
however, results obtained for Asse could be 
used. 

• The initial stress state is of special importance 
for mechanical calculations and is often not 
very well known. The pressure acting on the 
disposal level by the overburden, as calculated 
from density and thickness, may give a value 
which is too high (as usually observed in do-
mal structures). 

• Mechanical calculations should include prima
ry creep as stresses are highly reduced by this 
phenomenon. 

• For the complicated system of several heated 
emplacement drifts three-dimensional finite 
element codes are necessary for both thermal 
and mechanical calculations. 

5.3 Open Issues 
Some of the open issues related to the mechanical 

behaviour of rock salt have already been mentioned 
in the previous Section 5.2: The problem of stress 
determination and the need of including primary 
creep in mechanical calculations. While for the latter 
one numerical "tricks" like adjusting the material 
parameters could be used (see Section 4.3), the 
former could be overcome by an extended 
calibration, which would mean to install stress 
measuring devices (hydraulic pressure cells, AWID 
flat jacks) in large salt blocks under defined stress 
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and compare the readings to finite element 
calculations. In this field additional work is 
necessary. 

Another open issue is the backfill behaviour which 
is still not very well understood. Here, work is going 
on at GSF, but the results are still preliminary. 

A problem which is specific for the Spanish 
concept of disposal in a bedded salt formation are the 
processes at the interface between salt and 
overburden. It has to be proven that a temperature 
rise of 25 °C at this interface does not have any 
negative consequences. 

5.4 Recommendations 
for Additional Work 

In order to prove the feasability of the Spanish 
reference concept for radioactive waste disposal in 
bedded salt, a heater test similpr to the TSS is 
considered indispensible. The test field should be 
situated in a formation representative for the 

considered repository and should comprise at least 
two emplacement drifts with several, heaters. Prior to 
performing the test absolute stress measurements by 
overcoring and possibly hydraulic fracturing should 
be performed to supply data for mechanical 
calculations. The test field should be newly 
excavated and its deformation monitored already 
during excavation by extensometers installed from 
remote locations. 

For the in situ measurements the instrumentation 
mentioned in Section 5.2 can be used. In addition, a 
microseismic array for monitoring the 
salt/overburden interface should be installed. 

A backfill material will have to be determined and 
investigated in laboratory, of special interest are the 
thermal properties of the backfill and its compaction 
behaviour. 

With all these investigations being performed, the 
heater test can give a major contribution to the proof 
of the thermomechanical safety of the reference 
concept. 

108 



m 6. References 

0f 

REFERENCES 

109 
«lo 



6. References 

[1] Schmitt, R., Klarr, K.i Parameters, Methodologies 
and Priorities of Site Selection for Radioactive 
Waste Disposal in Rock Salt Formations. Pu
blicación Técnica Num. 06/91, Empresa Na
cional de Residuos Radiactivos, S. A., Ma-drid 
1991. 

[2] Gevantman, L.H., Lorenz, J., Haas, J.L. Jr., Clyn-
ne, M.A., Potter, R.W. II, Schafer, CM., 
Tomkins, R.P.T., Shakoor, A„ Hume, H.R., 
Yang, J.M., Li, H.H., Manila, R.A.: Physical 
Properties Data for Rock Salt. National Bureau 
of Standards Monograph 167, U.S. Depart
ment of Commerce, 1981. 

[3] Lewis, W.E., Tandanand, S.: Bureau of Mines 
Test Procedures for Rocks. IC8628, U.S. Bu
reau of Mines, 1974. 

[4] Birch, F., Clark, H.: The Thermal Conductivity of 
Rocks and its Dependence upon Temperature 
and Composition. Amer.J.Sc, 238 (I), 1940. 

[5] Kopietz, J., Jung, R.: Geothermal In Situ Experi
ments in the Asse Salt Mine. Proceedings of the 
Seminar on Tn Situ Heating Experiments in 
Geological Formations, OECD-NEA, Paris 
1978. 

[6] Walter, F.: Mechanical Properties of Rock Salt. 
In: Rothfuchs, T., Duijves, K.A., Miiller-Lyda, 
I.: The HAW Project: Demonstration Facility 
for the Disposal of High-Level Waste in Salt -
Interim Report 1988-89. EUR 13399, The 
Commision of the European Communities, 
1991. 

[7] Feddersen, H.-K., Hellwald, K., Rothfuchs, T., 
Wieczorek, K.: Demonstrationseinlagerung 
hochradioaktiver Abfalle im Salzbergwerk 
Asse - Das HAW-Projekf. Kalibrierbericht. 
GSF-Forschungszentrum fiir Umwelt und Ge-
sundheit GmbH, to be published. 

[8] Loehr, C.A.: Mineralogical and Geochemical 
Effects of Basaltic Dike Intrusion into Evapo-
rite Sequences near Carlsbad, New Mexico. 
Thesis, New Mexico Institute of Mining and 
Technology, 1979. 

[9] Gies, H.: Mineralogische Untersuchung thermo-
metamorpher Prozesse und Koordinierung des 
Gesamtprogramms. In: Gies, H. et al.: Versu-
chseinlagerung hochradioaktiver Abfalle im 
Salzbergwerk Asse. AbschluBbericht zum Ver-
trag WAS 336-83-7 D im Rahmen des Indi-
rekten Aktionsprogramms der Europaischen 
Gemeinschaften fur die Jahre 1983/84, Ge-
sellschaft fiir Strahlen- und Umwelt-forschung 
mbH, Miinchen 1985. 

[10] Lux, K. H.: Gebirgsmechanischer Entwurf und 
Felderfahrungen im Salzkavernenbau. F. Enke 
Verlag, Stuttgart 1984. 

[11] Wallner, M., Caninenberg, C, Gonther, H.: Er-
mittlung zeit- und temperaturabhiingiger me-
chanischer Kennwerte von Salzgesteinen. 
Proc. 4th Int. Congr. on Rock Mechanics, 
Montreux 1979, Balkema, Rotterdam 1979. 

[12] Albrecht, H., Hunsche, U.: Gebirgsmechanische 
Aspekte bei der Endlagerung radioaktiver 
Abfalle in Salzdiapiren unter besonderer 
Berüchsichtigung des FlieUverhaltens von 
Steinsalz. Fortschr. Miner., 58(2): 212-247; 
Stuttgart 1980. 

[13] Hunsche, U.: Results and Interpretation of Creep 
Experiments on Rock Salt. In: The Mechanical 
Behaviour of Salt, Proc. of the First Conf. 
Univ. Park (USA) 1981, Eds.: Hardy, H.R. Jr 
& Langer, M.: 159-167, Trans Tech Publica
tions, Clausthal 1984. 

[14] Munson, D.E., Dawson, P.R.: Salt Constitutive 
Modelling Using Mechanism Maps. Proc. 1st 
Conf. on the Behaviour of Salt, Penn. State 
Univ., 1981. 

[15] Wallner, M.: Analysis of Thermomechanical 
Problems Related to the Storage of Heat Pro
ducing Radioactive Waste in Rock Salt. Proc. 
1st Int. Conference on the Mechanical Beha
viour of Salt, Penn. State Univ., 1981. 

[16] Heemann, U.: Transientes Kriechen und 
Kriechbruch im Steinsalz. Dissertation, in: 
Forschungs- und Seminarberichte aus dem Be-
reich der Mechanik der Universitat Hannover, 
Bericht Nr. F89-3, Hannover, 1983. 

[17] Walter, F.: Rock Mechanics Characteristics. In: 
Rothfuchs, T., Wieczorek, K., Feddersen, 
H.K., Staupendahl, G., Coyle, A.J., Kalia, H., 
Eckert, J.: Brine Migration Test - Asse Salt 
Mine, Fed. Rep. of Germany - Final Report. 
GSF-Bericht 6/88, Gesellschaft für Strahlen-
und Umweltforschung mbH, Miinchen 1988. 

[18] Diekmann, N., Hunsche, U., Meister, D.: Über 
das geomechanische Verhalten von Steinsalz 
bei erhdhten Temperaturen. Z. dt. geol. Ges., 
137,1: 29 - 46, Hannover, 1986. 

[19] Walter, F.: Rockmechanical Characterization 
performed by GSF. In: Rothfuchs.T., Miiller-
Lyda, I.: The HAW Project: Test Disposal of 
Highly Radioactive Canisters in the Asse Salt 
Mine - Federal Rep. of Germany, Interim Re
port May - December 1990. Abteilungsbericht 

111 



6. References 

3/91, GSF-Forschungszenlrum für Um-welt 
und Gesundheit GmbH, Miinchen 1991. 

[20] Murell, S.A.F.: A Criterion for Brittle Fracture 
of Rocks and Concrete Under Triaxial Stress 
and the Effects of Pore Pressure on the Crite
rion. Proc. 5th Rock Mechanics Symp., Univ. 
of Minnesota, in: C. Fairhursl (Ed.): Rock Me
chanics, p. 563-577, Pergamon, Oxford 1963. 

[21] Wieczorek, K.: MAW- und HTR-BE-Versuch-
seinlagemng in Bohrlochern - Teilprojekt 
Riickholbarcr Einlagcrversuch (REV). GSF-
bericht 34/93, GSF-Forschungszentrum tur 
Umwelt und Gesundheit, GmbH, to be publis
hed. 

[22] Kreutz, F., Bolingen, J., Keck, J.: MAW-Versu-
chseinlagerung in Bohrlochern - Versuch zur 
Bestimmung von Verlauf, Gebirgsspannung 
und Konvergenz in den Bohrlochern des alten 
AVR-Feldes sowie der In-Situ-Erpro-bung der 
dazu entwickelten MeBgerate und Komponen-
ten. KFA-ICT-IB-492/85, Kern-forschungsan-
lage Jülich GmbH, 1985. 

[23] Hensel, G.: Planung, Durchfiihrung und Analyse 
markscheiderischer Messungen zur Erfassung 
von Gebirgsbewegungen in dem Versuchsber-
gwerk Asse. Dissertation, Technische Univer-
sitiit Clausthal, 1991. 

[24] Brown, E.T. (Ed.): Rock Characterization - Tes
ting and Monitoring - ISRM Suggested Me
thods. International Society for Rock Mecha
nics, Pergamon Press, 1981. 

[25] Paul, A., Gartung, E.: Empfehlung Nr. 15 des 
Arbeitskreises 19 - Versuchstechnik Fels - der 
Deutschen Gesellschaft für Erd- und Grundbau 
e.V.: Verschiebungsmessungen langs der 
Bohrlochachse - Extensometermessungen. 
Deutsche Gesellschaft für Erd- und Grundbau 
e.V., Wilhelm Ernst & Sohn Verlag, Berlin 
1991. 

[26] Green, G.E.: Instrumentation for Measuring De
formations: Requirements, Performance and 
Development Needs. In: Working Papers from 
the US/FRG Workshop on Geotechnical Ins
trumentation and Measurement Techniques, 
Asse Salt Mine near Braunschweig, FRG, May 
4-8, 1987. Gesellschaft für Strahlen- und 
Umweltforschung mbH, München 1987. 

[27] Green, G.E., Mikkelsen, P.E.: Measurement of 
Ground Movement with Inclinometers. In: 
Fourth International Geotechnical Seminar -
Field Instrumentation and In-Situ Measure-

anmsBs 

ments, 25-27 November 1986. Nanyang Tech
nological Institute, Singapore 1986. 

[28] Schrauff, T.W., Pratt, H.R.: Review of Current 
Capabilities for the Measurement of Stress, 
Displacement and In Situ Deformation Modu
lus. ONWI 95, TerraTek, Salt Lake City 1979. 

[29] Feddersen, H.-K.: Laboruntersuchungen zum 
Verhalten eines Straingaged Stressmeter in 
Salzblocken unter ein- und zweiachsigen Be-
lastungen. Abteilungsbericht IfT 8/88, Ge
sellschaft fiir Strahlen- und Umweltforschung 
mbH, München 19SS. 

[30] Cook, C.W., Ames, E.S.: Borehole-Inclusion 
Slressmeter Measurements in Bedded Salt. 
SAND79-0377, Sandia National Laboratories, 
Albuquerque 1980. 

[31] Morgan, H.S.: Analysis of Borehole Inclusion 
Stress Measurement Concepts Proposed for 
Use in the Waste Isolation Pilot Plant In Situ 
Testing Program. SAND82-1192, Sandia Na
tional Laboratories, Albuquerque 1982. 

[32] Heusennann, S.: Evaluation of Stress Measure
ments in the Asse Salt Mine. In: Working Pa
pers from trw US/FRG Workshop on Geo-te-
chnical Instrumentation and Measurement 
Techniques, Asse Salt Mine near Braunsch
weig, FRG, May 4-8, 1987. Gesellschaft für 
Strahlen- und Umweltforschung mbH, Mün
chen 1987. 

[33] Wohlbier, H., Natau, O.: Die Entwicklung einer 
neuartigen Einbautechnik für Bohrlochdruck-
geber. 1. Int. Kongress für Felsmechanik, Bd. 
ll,Lissabon 1966. 

[34] Rothfuchs, T., Feddersen, H.-K., Graefe, V.. 
Hente, B., Wieczorek, K.: HAW Test at Asse: 
Measured and Calculated Rock Response. In: 
Rock Mechanics Proceedings of the 33rd U.S. 
Symposium, 3 - 5 June 1992. Offprint, A.A. 
Balkema, Rotterdam/Brookfield 1992. 

[35] Kessels, W.: Testing of an Absolute Measuring 
Flat Jack According to the Compensation Me
thod (AWID). In: "CEC/NEA Workshop on 
Design and Instrumentation of In-Situ Experi
ments in Underground Laboratories Associa
ted with Geological Disposal of Ra-dioactive 
Waste, 15-17 May 1984. Brussels 1984. 

[36] Kiehl, J.R., Pahl, A.: Empfehlung Nr. 14 des Ar
beitskreises 19 - Versuchstechnik Fels - der 
Deutschen Gesellschaft für Erd- und Grundbau 
e.V.: Überbohr-Entlastungsversuche zur Bes
timmung von Gebirgsspannungen. Bautechnik 
67 (1990), H. 9. 

112 



6. References 

[37] Pahl, A., Hcusermann, S., Glóggler, W., Miiller, 
D.W., Sprado, K.-H.: In-situ MeBtechnik im 
Salz: Ermittlung des Spannungs-Deforma-
tionsverhaltens von Salzgebirge durch Me-
ssungen in der Umgebung von Grubenhohlrau-
men und Bestimmung des sekundáren und 
primiiren Spannungszustandes. SchluBbericht 
zum Forschungsvorhaben KWA 5103 0, Bun-
desanstalt fur Geowissenschaften und Rohsto-
ffe, 1985. 

[38] Pahl. A., Heusermann, S.: Der EinfluB des zeita-
bhangigen Stoffverhaltens auf die Bestimmung 
gebirgsmechanischer Parameter. Felsbau 7 
(1989), Nr. 2. 

[39] Fischle, W.R., Schwieger, K., Olffers, M.: Span-
nungsermittlung im Salz mit der Methode der 
hydraulischen AufreiBversuche. GSF-Bericht 
12/88, Gesellschaft für Strahlen- und Umwelt-
forschung mbH Miinchen, 1988. 

[40] Fischle, W.R., Kappei, G., Meyer, Th., Schmidt, 
M.W., Schwieger, K., Taubert, E., Thiele
mann, K.: Observation of the Spreading of a 
Fracture During and After Hydraulic Fractu
ring Tests. 2nd International Symposium on 
Field Measurements in Geomechanics, Sakurai 
(ed.), Balkema, Rotterdam, 1988. 

[41] Feddersen, H., Flach, D., Flentge, I., Frohn, C, 
Gies, H., Gommlich, G., Hahn, J., Hente, B., 
Jockwer, N., Kessels, W., Klarr, K., Pfeifer, S., 
Rothfuchs, T., Schmidt, M., Wieczorek, K.: 
Results of Temperature Test 6 in the Asse Salt 
Mine. EUR 10827 EN/I, Commission of the 
European Communities, 1986. 

[42] Hente, B., Feddersen, H.K., Rothfuchs, T., 
Wieczorek, K., Duijves, K., Ghoreychi, M„ 
Palut, J.M.: Geotechnical and Geophysical In 
Situ Investigations in the HAW Test Field in 
the Asse Salt Mine. In: Pilot Tests on Radioac
tive Waste Disposal in Underground Facilities. 
Proceedings of a workshop held in Braunsch
weig, Germany, EUR 13985, Commission of 
the European Communities, 1992. 

[43] Hente, B.: Seismicity. In: Rothfuchs, T., Duij
ves, K.A., Miiller-Lyda, I.: The HAW Project: 
Demonstration Facility for the Disposal of 
High-Level Waste in Salt - Synthesis Report 
1985-89. GSF-Bericht 14/90, Gesellschaft fur 
Strahlen- und Umweltforschung mbH, Miin-
chen 1990. 

[44] Hente, B.: Seismicity. In: Rothfuchs, T., Dui
jves, K.A., Miiller-Lyda, I.: The HAW Project: 
Demonstration Facility for the Disposal of 

High-Level Waste in Salt - Interim Report 
1988-89. EUR 13399, The Commision of the 
European Communities, 1991. 

[45] Rothfuchs, T.: Untersuchung der thermisch in-
duzierten Wasserfreisetzung aus polyhalitis-
chem Steinsalz unter in situ Bedingungen -
Temperaturversuch 5 im Salzbergwerk Asse. 
EUR 10392 DE, Kommission der Europais-
chen Gemeinschaften, 1986. 

[46] Rothfuchs, T.: Design and Instrumentation of In 
Situ Brine Migration Tests at the Asse Salt 
Mine. Proceedings of a Workshop jointly orga
nized by the Commission of the European 
Communities & OECD Nuclear Energy Agen
cy on Design and Instrumentation of In Situ 
Experiments in Underground Laboratories for 
Radioactive Waste Disposal, Balkema, Rotter
dam, 1985. 

[47] Rothfuchs, T., Wieczorek, K., Feddersen, H.K., 
Staupendahl, G., Coyle, A.J., Kalia, H., Eckert, 
J.: Brine Migration Test - Asse Salt Mine, Fed. 
Rep. of Germany - Final Report. GSF-Bericht 
6/88, Gesellschaft fur Strahlen- und Umwelt
forschung mbH, Miinchen 1988. 

[48] Albers, G., Elsen, R., Hahne, K.: Nachrechnun-
gen zum HAW-Simulationversuch mit Kobalt-
60-Quellen in Salzbergwerk Asse. AbschluB-
bericht zum Vorhaben, Institut fur Elektrische 
Anlagen und Energiewirtschaft der Rheinisch-
Westfiilischen Technischen Hochschule Aa
chen, 1987. 

[49] Wieczorek, K., Staupendahl, G., Rothfuchs, T.: 
Deformational Rock Mass Response During a 
Nuclear Waste Repository Simulation Experi
ment at the Asse Salt Mine. OECD-NEA 
Workshop on excavation responses in deep ra
dioactive waste repositories, Winnipeg, Cana
da, April 26 - 28, 1988. 

[50] Rothfuchs, T„ Vons, L., Raynal, M., Mayor, 
J.C., Müller-Lyda, I.: The HAW Project - Test 
Disposal of Highly Radioactive Radiation 
Sources in the Asse Salt Mine. Activity Report 
May 1990 to December 1991. EUR 14531 EN, 
Commission of the European Communities, 
1993. 

[51] Rothfuchs, T., Duijves, K.A., Müller-Lyda, I.: 
The HAW Project: Demonstration Facility for 
the Disposal of High-Level Waste in Salt -
Synthesis Report 1985-89. GSF-Bericht 14/90, 
Gesellschaft für Strahlen- und Umwelt
forschung mbH München and Stichting Ener-
gieonderzoek Centrum Nederland, 1990. 

113 



6. References 

[52] Briicher, H., Barnert, E., Kroth, K., Niephaus, 
D.: The Path towards Direct Disposal of Fuel 
Elements. ICT-TB-4/90, Forschungszentrum 
Jülich GmbH, Jülich 1990. 

[53] Nipp, H.-K.: Auslegungsrechnungen zum 
MAW-Versuch (EV) in der Asse. Nr. 99 167, 
Bundesanstalt für Geowissenschaften und 
Rohstoffe, 1986. 

[54] F+E-Programm Direkte Endlagerung. Jahresbe-
richt 01.01.1991 - 31.12.1991. AE Nr. 26, 
Kernforschungszentnim Karlsruhe GmbH, 
1992. 

[55] F+E-Programm Direkte Endlagerung. Jahresbe-
richt 01.01.1990 - 31.12.1990. AE Nr. 25, 
Kernforschungszentrum Karlsruhe GmbH, 
1991. 

[56] Korthaus, E.: Thermische und thermomechanis-
che Prognoserechnungen zum TSS-Versuch 
(Thermische Simulation der Streckenlage-
rung). 19.03.03 P 04A, Kernforschungszen
trum Karlsruhe GmbH, 1991. 

[57] Bollingerfehr, W., Engelmann, H.-J.: In Situ In
vestigation of the Long-Term Sealing System 
as a Component of a Dam Construction. In: Pi
lot Tests on Radioactive Waste Disposal in 
Underground Facilities. Procee-dings of a wor
kshop held in Braunschweig, Germany, EUR 
13985, Commission of the European Commu
nities, 1992. 

[58] Stockmann, N., Beinlich, A., Flach, D., Jockwer, 
N., Klarr, K., Krogmann, P., Miehe, R., 
Schmidt. M.W.. Schwiigermann. H.F.. Walter, 
F., Yaramanci, U.: Dammbau im Salzgebirge -
Testplan. GSF-Bericht 35/91, GSF - Fors
chungszentrum fur Umwelt und Gesundheit, 
1991. 

[59] Prij, J., Hamilton, L.F.M., Beemsterboer, C.J.J., 
van den Horn, B.A.: Thermo-Mechanical Pre-
Test Analyses for the HAW Test Field. ECN-
R—91-001, Netherlands Energy Research 
Foundation ECN, 1991. 

114 



Títulos publicados: 
1991 

01/ REVISION SOBRE LOS MODELOS NUMÉRICOS 
RELACIONADOS CON EL ALMACENAMIENTO DE RESIDUOS 
RADIACTIVOS. 

02/ REVISION SOBRE LOS MODELOS NUMÉRICOS 
RELACIONADOS CON EL ALMACENAMIENTO DE RESIDUOS 
RADIACTIVOS. 
ANEX01. Guía de códigos aplicables. 

03/ PRELIMINARY SOLUBILITY STUDIES OF URANIUM DIOXIDE 
UNDER THE CONDITIONS EXPECTED IN A SALINE 
REPOSITORY. 

04/ GEOESTADISTICA PARA EL ANÁLISIS DE RIESGOS. 
Una introducción a la Geoestadistica no parametria. 

05/ SITUACIONES SINÓPTICAS Y CAMPOS DE VIENTOS 
ASOCIADOS EN "EL CABRIL". 

06/ PARAMETERS, METHODOLOGIES AND PRIORITIES OF SITE 
SELECTION FOR RADIOACTIVE WASTE DISPOSAL IN ROCK 
SALT FORMATIONS. 

1992 
01/ STATE OF THE ART REPORT: DISPOSAL OF RADIACTIVE 

WASTE IN DEEP ARGILLACEOUS FORMATIONS. 

02/ ESTUDIO DE LA INFILTRACIÓN A TRAVÉS DE LA 
COBERTERA DE LA FUÁ. 

03/ SPANISH PARTICIPATION IN THE INTERNATIONAL 
INTRAVAL PROJECT. 

04/ CARACTERIZACIÓN DE ESMECTITAS MAGNÉSICAS DE LA 
CUENCA DE MADRID COMO MATERIALES DE SELLADO. 
Ensayos de alteración hidrotermal. 

05/ SOLUBILITY STUDIES OF URANIUM DIOXIDE UNDER THE 
CONDITIONS EXPECTED IN A SALINE REPOSITORY. 
Phase» 

06/ REVISION DE MÉTODOS GEOFÍSICOS APLICABLES AL 
ESTUDIO Y CARACTERIZACIÓN DE EMPLAZAMIENTOS 
PARA ALMACENAMIENTO DE RESIDUOS RADIACTIVOS 
DE ALTA ACTIVIDAD EN GRANITOS, SALES Y ARCILLAS. 

07/ COEFICIENTES DE DISTRIBUCIÓN ENTRE 
RADIONUCLEIDOS. 

08/ CONTRIBUTION BY CTN-UPM TO THE PSACOIN LEVEL-S 
EXERCISE. 

09/ DESARROLLO DE UN MODELO DE RESUSPENSION 
DE SUELOS CONTAMINADOS. APLICACIÓN AL AREA 
DE PALOMARES. 

10/ ESTUDIO DEL CÓDIGO FFSM PARA CAMPO LEJANO. 
IMPLANTACIÓN EN VAX. 

11/ LA EVALUACIÓN DE LA SEGURIDAD DE LOS SISTEMAS DE 
ALMACENAMIENTO DE RESIDUOS RADIACTIVOS. 
UTILIZACIÓN DE MÉTODOS PROBABILISTAS. 

12/ METODOLOGÍA CANADIENSE DE EVALUACIÓN DE LA 
SEGURIDAD DE LOS ALMACENAMIENTOS DE RESIDUOS 
RADIACTIVOS. 

13/ DESCRIPCIÓN DE LA BASE DE DATOS WALKER 

1993 

01/ INVESTIGACIÓN DE BENTONITAS COMO MATERIALES DE 
SELLADO PARA ALMACENAMIENTO DE RESIDUOS 
RADIACTIVOS DE ALTA ACTIVIDAD. ZONA DE CABO 
DE GATA, ALMERÍA. 

02/ TEMPERATURA DISTRIBUTION IN A HYPOTHETICAL SPENT 
NUCLEAR FUEL REPOSITORY IN A SALT DOME. 

03/ ANÁLISIS DEL CONTENIDO EN AGUA EN FORMACIONES 
SALINAS. Su aplicación al almacenamiento de residuos 
raciactivos 

04/ SPANISH PARTICIPATION IN THE HAW PROJECT. Laboratory 
Investigations on Gamma Irradiation Effects In Rock Salt. 

05/ CARACTERIZACIÓN Y VALIDACIÓN INDUSTRIAL 
DE MATERIALES ARCILLOSOS COMO BARRERA 
DE INGENIERÍA. 

06/ CHEMISTRY OF URANIUM IN BRINES RELATED TO THE 
SPENT FUEL DISPOSAL IN A SALT REPOSITORY (I). 

07/ SIMULACIÓN TÉRMICA DEL ALMACENAMIENTO EN 
GALERIA-TSS. 

08/ PROGRAMAS COMPLEMENTARIOS PARA EL ANÁLISIS 
ESTOCASTICO DEL TRANSPORTE DE RADIONUCLEIDOS. 

09/ PROGRAMAS PARA EL CALCULO DE PERMEABILIDADES DE 
BLOQUE. 

Edi ta: 

enreía 
empresa nacional de residuos radiactivos, s. a. 
Diseño y coordinación editorial: TransEdit 
Fotomecánica: Sistemas Gráficos, S.A. 
Imprime: Artes Gráficas JESMA, S.A. 
D.L.-.M-26382-1991 



Empresa Nacional 
de Residuos Radiactivos, S. A. 
Emilio Vargas, 7 
Tels. 5195255 - 5195263 
Fax 519 52 68 OOTI IRRF Q1? 
28043 MADRID UUIUBKESM 


