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V-
1 INTRODUCTION 

Within the framework of the ongoing research into the safe disposal of radioactive waste 
in geologically stable formations the 600 m borehole project is carried out in the Asse salt 
mine in Remlingen near Braunschweich. This project (EEC project no. F12W-T90-0050) 
in which GSF (Forschungszentnim fur Umwelt und Gesundheit) participates as subcon
tractor has two main objectives One is the development and demonstration of a dry drilling 
technique, in which holes are drilled with diameters up to 600 mm in rock salt from 
shallow galleries without the use of drilling liquid. The other is a study into the constitutive 
relations of rock salt, especially the convergence of openings due to creep deformation The 
measurements of free convergence of deep boreholes are discussed in this report 
The knowledge of convergence behaviour is very important for the assessment of the safety 
of disposal facilities. The reason for this is that one of the major hazards threatening a 
possible disposal site is transport of the nuclides into the biosphere by means of 
groundwater which intrudes into the disposal site. The convergence behaviour of rock salt 
on one side causes closing of openings thus preventing the intrusion of w ater and on the 
other side convergence causes water to be pressed out once intrusion has occurred. 
The original aim of the project was to measure convergence in a 600 m deep borehole. 
Since, due to problems with the drilling operation, a 600 m hole was not available, 
measurements have been executed in a 300 m deep hole. As soon as a 600 m hole becomes 
available additional measurements will be executed at this greater depth. 
In order to derive the creep law parameters from measured convergence, the ambient rock 
pressure has to be known. From previous experiments it appeared that the lithostatic 
pressure in the Asse salt mine deviates strongly from the primary rock pressure. Therefore 
the actual pressure has been estimated with the aid of an analytical description of the 
convergence of cylindrical and spherical cavities in rock salt. Once the process of deriving 
the rock pressure and creep parameters has been validated it can be used to derive the rock 
pressure at other levels in the same geological formation. 
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2 MEASUREMENTS 

2.1 Measuring devices 

The convergence has been determined at three locations in the borehole. The measuring 
equipment therefore consisted of three units, lowered into the borehole by means of a cable 
which also transported electrical signals to and from the units One of the units rests on the 
bottom of the hole at a depth of 300 m below the gallery floor, the remaining two are 
located at a depth of 200 m and 100 m below the gallery floor respectively. The 
convergence is measured by means of spring loaded guiding rollers which remain in 
contact with die borehole wall. The displacement of the rollers is converted into an 
electrical signal by a linear transducer. Since the bottom unit was designed to measure 
differences in convergence due to the presence of the bottom, four groups of guide rollers 
are mounted on this unit at a vertical pitch of 0.8 m. Each group consists of two pairs of 
rollers mounted perpendicular to each other in a horizontal plane. The intermediate units 
each have one group and hence measure two diameters in two mutually perpendicular 
directions. Because the creep behaviour of the salt is known to be highly temperature 
dependent, the units are equipped with thermocouples. 
For correct measurements it is important that the units remain fixed in the same location 
in the borehole. The bottom convergence unit therefore rests on the borehole bottom by 
means of a simple support. To avoid shifting of the intermediate units due to extension of 
the cable these units are clamped to the borehole wall. This fixation is accomplished by 
means of clamps fitting over the rollers which are extended when the units are at their 
proper location. Once the units are clamped to the borehole wall the cable is lowered a 
fraction, which causes the weight of the units to be no longer supported by the cable. 
The d^ta from the linear transducers and thermocouple is sampled every 6 minutes and 
stored in a computer located in an air conditioned room on the 750 m floor. From this 
computer the measured data is transported to the ECN computers in Petten where it is 
stored in a database An extensive description of the measuring system is given in f 1 J. 

2.2 Measured data 

The measurements took place in borehole I06a/750/88 dulled from the 750 level from 
August 12th 1988 to December 1st 1988 The diameter of the hole was 600 mm and the 
final depth reached was 300.5 m. For detailed data on the drilling and the geological 
situation one is referred to [1 J. The convergence measurements started on November 30th 
1989 with the bottom unit only. In February 1990 the measurements were interrupted in 
order to install the intermediate units at the -100 m and -200 m level From February 22nd 
1990 on the measurements with all three units continued until September 18th 1990 when 
the borehole had to be cleared for measurements with the variable pressure device [1.2]. 
The measured convergence for the -100 m level is given in Figure 2.1. For the -200 m it 
is given in Figure 2.2. and for the eight units on the -300 m level the measured 
convergence is given in Figure 2.3 and 2.4. These figures give the raw data as present in 
the ECN database 
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Figure 2.1 Hourly average of the measured diameter at the -100 m level 
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Figure 2.2 Hourly average of the measured diameter at the -200 m level 
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Figure 2.3 Hourly average of the measured diameter at the -300 m level for the upper 
transducers 
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Figure 2.4 Hourly average of the measured diameter at the -300 m level for the lower 
transducers 
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The measured temperatures for the three levels are represented in Figure 2.5 
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Figure 2.5 Hourly average of the temperatures for the measuring locations. 

As can be seen from the measurements at the -300 m level the lower transducers from the 
bottom convergence unit did not operate properly. From January 12th to January 23th the 
data transmission has been interrupted due to testing and updating of the hardware. The 
noise and interruptions from February 13th to February 23th find their cause in the removal 
of the bottom unit and the reinstallation together with the units at -200 m and -100 m. 
It should be noted that the signals from the transducers which were in service in the period 
from december to the first half of february show different levels after restart of the 
measurements on february 23th. 
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The material parameters used for the analysis are. 

Young's modulus 
Poisson ratio 

7600 MPa 
0 3 

and a Norton creep law: 

é„ - 22.9 o " e 
tZS) 

T [1/day] 

The temperature is assumed to be equal to the measured temperature at the borehole 
bottom of 315.5 K. 
The top surface of the cylinder is considered to be a plane of symmetry and hence the 
displacements perpendicular to this plane have been restrained. In order to avoid numerical 
problems the nodes in the solid section below the borehole on the axis of symmetry have 
been restrained from movement in the axial direction The lithostatic pressure is applied 
at the bottom surface and at the outside radius of the model. 
The analysis has been executed with the aid of the general purpose finite element analysis 
system ANSYS version 4.4A [3] as installed on the CONVEX 230S of ECN in Petten The 
elements used for the analysis arc four node axisymmetric elements (Stiff 42) with the 
modified displacement shapes excluded The finite element model is represented in 
Figure 3.2. 
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Figure 3.2 Finite element model 
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The analysis encompasses a creep period of rwo years with an estimated value of the 
lithostatic pressure of 20 MPa 

3.2 Analysis results 

The convergence of the borehole after a period of 730 days is represented in Figure 3.3 as 
a function of the distance from the bottom From this figure it can be seen that at distances 
larger than two meters from the borehole bottom the effect of this bottom is negligibly 
small. 
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12 

Figure 33 Calculated convergence after 730 days in relation to the distance 
from the borehole bottom 

The convergence as a function of time for a location in the centre of the bottom 
convergence unit is represented in Figure 3.4, together with the convergence determined 
with a standard normalized convergence curve based on a fine finite element mesh, known 
as the 'key-curve'. 
The difference in convergence between the key-curve and the results of the current analysis 
is caused by the larger element size of the current analysis [4] 
In order to assess whether the boundaries of the model have been chosen sufficiently far 
from the area disturbed by the presence of the borehole, a contour plot of the equivalent 
stress is given in Figure 3.5. From this figure it can be seen that the magnitude of the area 
disturbed by the presence of the borehole is much smaller than the complete analysis 
domain. 
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Figure 3.4 Borehole convergence at - 300 m as derived from the key-curve 
and from the finite element analysis. 
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Figure 3.5 Equivalent stress after a tn'o years creep period. 
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4 VALIDATION 

From previous in situ measurements [4|. it was concluded that the constitutive parameters 
as given in Table 4.1 give an accurate description of the convergence 

Table 't.l Constitutive parameters according to in situ tests. 

E = 7600 MPa; \) = 0.3; a = 4.0*10' K ' 
A = 22.9 MPa5 5 day '; n = 5.5; Q = 68.59 kJ mole ' 

From analytical work [4,5] it was found that a normalized convergence description can be 
used to predict convergence for an arbitrary hole in rock salt based on the known 
convergence of another opening 
Since the measurements on which the above mentioned work is based have been carried 
out at the same depth and close to the current measurements, as a first approach the current 
measurements can be predicted by a transformation of the old 300 m data This 
transformation includes a correction for the difference in diameter and for the difference 
in temperature The 300 m data together with the current measurements are given in 
Figure 4 1. 
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Figure 4.1 Preuuted and measured convergence based on identical lithostatic 
pressure 
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The old 300 m data has been multiplied by a factor: 

Where: a ^ = diameter of current 600 m hole: 
ajoo = diameter of old ECN 300 m hole: 
/4j,5J = creep constant at 315.5 K: 
Arno = creep constant at 314.0 K: 

600 mm 
315 mm 
1.008 1010MPa55day' 
8.897 10" MPa5Jday' 

Since it has been found out that the pressure in the Asse mine leviates strongly from the 
primary rock pressure, the most probable explanation for the difference in the two curves 
is the difference in the ambient rock pressure. In order to assess the influence of the 
pressure on the convergence, the measured convergence data at -300 m is fitted against the 
key-curve using the pressure as a parameter to obtain the best fit. 
An additional problem was caused by the fact that due to roughness and production 
tolerance the exact initial diameter of the borehole was not a priori known. Therefore the 
measured data have been fined to the normalized curve for a range of initial diameters. 
The data used for this process is the average of the 7 signals from the bottom convergence 
unit in the period after the installation of the intermediate units. The reason for omitting 
the measurements before february 23th is that in order to achieve a reliable fit, a set of 
data has to be used originating from the same average diameter. Since it is obvious that 
some rollers before and after the interruption are located at different diameters, the value 
of the measurements before the interruption is limited. Moreover the measured convergence 
in the first period shows an hardly explainable curvature in the first weeks. 
A Fortran program has been used to minimize the sum of the distances of the measured 
points to the standard normalized convergence curve. The best fit is obtained with a radius 
of 300 mm, wruch corresponds to the initial borehole diameter as given by GSF. The 
corresponding pressure is 21.3 MPa. In Figure 4.2 the convergence normalized with the 
above mentioned pressure is given together with the key-curve as derived in [5]. 
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Figure 42 Normalized measurements for -300 m compared to the key-curve. 
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It can be observed that the measured data and the calculated data show a very good 
correspondence. Although the accuracy of the above mentioned process is limited due to 
the relatively short duration of the measurements and due to the fact that the measurements 
have been started long after the completion of the hole, the coincidence of measured and 
calculated data and the fact that the diameter corresponding to the best fit equals tht 
specified initial borehole diameter gives a strong indication that the procedure gives an 
acceptable estimate of the rock pressure at the location of the measurements. 
I:i order to assess the value of the measurements in die period before the interruption, a 
comparable fitting procedure has been executed with the derivatives of the convergence. 
This derivative is not influenced by the fact that the initial diameter is not known, however 
due to the determination of the difference of two consecutive large values with limited 
accuracy, a large error occurs in the value of the derivative. The pressure derived in mis 
way varies between 21.1 and 22.3 MPa, dependent on the part of the initial curve which 
is not taken into account. 
In order to get an impression of the sensitivity of the above mentioned procedure for 
variations in the parameters of the creep law, the rock pressure has been derived with 
values of the creep parameter A varying from 80 percent to 120 percent of the actual value. 
A temperature change of 2.7 °C would be required for a 20 percent change in the value 
of A. The influence of the creep parameter has been determined for a value of the exponent 
n in the creep law of 5.0 and 5.5. The results are represented in Figure 4.3. 
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Figure 4.3 Influence of variations of the constant A and the exponent n in the creep 
law on the derived pressure 

As can be seen from this figure a 20 percent variation in the creep parameter of A leads 
to a variation of about 4 percent in the pressure for both values of the exponent n. 



5 DERIVATION OF ROCK PRESSURE 

Based on the assumption that the measured convergence can be used to determine the 
ambient rock pressure the measured data at the -100 m level and at the -200 m level can 
be used to derive an estimate of this pressure 

5.1 Processing of measurements 

From the physical nature of the convergence process it can be expected that the measured 
convergence shows a smooth behaviour with a continuously decreasing convergence rate. 
This behaviour is also observed in many other convergence measurements [4]. It can be 
observed that the measurements for the -200 m and -100 m do not show the expected 
convergence behaviour in the first months of the recorded convergence. It is assumed that 
in this period the bearing stress caused by the measuring surfaces which are pressed against 
the salt wall cause small grooves and roughness of this wall to be smoothed. The 
roughness of the borehole will be of the same magnitude for all measurements, and hence 
the influence of the above mentioned flattening of the wall will be most pronounced in the 
-100 m data where the measured convergence is small, however in the -200 m data this 
effect is also clearly visible. In order to account for this effect the initial period of the 
measurements has not been taken into account. Next to this settling inaccuracy the 
measured data show some noise resulting from the measuring system. In order to 
investigate the influence of the above mentioned noise, the calculation of the pressure has 
been executed with the raw measured data and with processed data. This processing 
consisted of skipping the data for the initial period where the settling error was present and 
by fitting a third order polynomial to the remaining data. As an example the raw measured 
data together with the fitted curve are given in Figure 5.1 for the measurements at -100 m. 
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Figure 5.1 Smoothing of measured cluta at -100 m. 
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5.2 Resulting pressure 

The magnitude of the rock pressure at the -200 m and -100 m locations is determined by 
fitting the normalized measured data to the aforementioned key-curve. This fitting has been 
executed for both raw and processed data. The results of this fining are given in Table 5.1-

Table 5.1 Calculated pressures from measured data. 

Pressure from raw measurements (MPa) 

Corresponding radius (mm) 

Pressure from processed data (MPa) 

Corresponding radius (mm) 

Pressure from derivative of raw data (MPa) 

Pressure from derivative of processed data 
(MPa) 

-300 m 

21.3 

300 

21.3 

300 

21.6 

21.3 

Location 

-200 m 

15.3 

297 

15.3 

297 

15.9 

15.4 

-100 m 

12.8 

296.5 

13.7 

297 

14.0 

13.3 

In order to investigate the influence of the initial diameter of the borehole in another 
manner, the pressures have also been determined by fitting the derivatives of the measured 
curves to the derivative of the key-curve. The advantage of this latter process is that the 
initial diameter of the borehole is no longer an important parameter in this process. 
However due to the scatter in the measured data the determination of the derivative 
introduces additional errors. As is done for the measured data itself, also for the derivatives 
the fitting has been executed for the raw data and for the processed data. The resulting 
pressures are given in Table 5.1. 
The measured convergence for the three locations in the borehole are represented in 
Figure 5.2, together with the predicted convergence based on the key-curve and on the 
pressures as tabulated above. 

The same picture in normalized form is given in Figure 5.3. From this figure it is obvious 
that the higher pressure at greater depth has a large influence on the normalized time scale. 
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Figure 52 Measured and theoretical convergence for the three locations 
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Figure 5.3 Key-cune and normalised convergence for all locations. 
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5.3 Comparison of the pressure with calculated values. 

In [5] an estimate has been made of the rock pressure taking into account the reduction of 
the pressure due to the presence of the vast quantity of unfilled cavities in the Asse salt 
formation. In this analysis the volume of all the cavities is replaced by a spherical cavity 
with the same volume and its centre in the centre of gravity of the actual cavities. Further 
it has been assumed that the stress distribution has reached the stationary situation. The 
primary rock pressure has been determined based on a density of the overburden of 
2160 kg/m3. 
In [6] a similar analysis has been made but there the transient creep solution has been 
taken into account. 
The resulting pressure for the location of the measurements is given in Table 5.2. 

Table 52 Measured and calculated pressures 

Measured pressure (MPa) 

Primary rock pressure (MPa) 

Distance from centre of sphere (m) 

Pressure from stationary convergence (MPa) [5] 

Pressure from transient convergence (MPa) [6] 

-300 m 

21.3 

22.3 

501 

17.4 

22.1 

Location 

-200 m 

15.3 

20.1 

428 

14.9 

19.5 

-100m 

13.5 

18.0 

368 

12.3 

16.9 

This table underlines the general conclusion that for locations further from the centre of 
the virtual spherical cavity the stress distribution is not yet stationary while for locations 
closer to the cavities the influence of the actual shape of the rooms is more pronounced. 
The normalized convergence for the three locations of the current measurements together 
with the normalized convergence of selected other cavities in the Asse are represented in 
Figure 5.4. 
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Figure 5.4 Normalized convergence for selected cavities in the Asse salt mine. 
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6 CONCLUSIONS 

From the fact thai the exact value of the initial diameter is not a priori known and must 
be derived during the fitting procedure it can be concluded that an interruption of the 
measurements causes a considerable loss in value of the measured data, and hence should 
be avoided. 
From the finite element calculations it appears that the effect of the presence of the 
borehole bottom on die bottom convergence unit is small with respect 10 other errors in 
measurements, data transport and interpretation. 
The fact that the normalized measurements gave a best fit using a diameter which is equal 
to the specified "as drilled" diameter, corrected for the presence of the clamping devices 
endorse the concept of the normalized convergence description and die material parameters 
used. Furthermore it can be concluded mat the ambient rock pressure can be determined 
from free convergence measurements. 
The measured data normalized with the most probable pressures as derived from die 
measured data, coincide with the normalized convergence of other cavities in die same 
geological formation. 
The rock pressures derived from the convergence measurements at the three depth locations 
are: 20.3 MPa at -300 m, 15.4 MPa at -200 m and 13.3 MPa at -100 m. 
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