Gesellschaft fir Anlagen-
und Reaktorsicherheit
(GRS) mhH

The TSS Project:
Thermal
Simulation of Drift
Emplacement

Final Report Phase 2
1983 - 1995

GRS - 127



Gaesellgchatt fir Anlagen-
und Heaktorsicherhelt
(GRS) mbH

The TSS Project:
Thermal
Simulation of Drift
Emplacement

Final Repon Phase 2

J. Droste, H.-K. Feddersen
T. Rothfuchs, U. Zimmer

Braunschweig
Marz 1998

GSF-Forschungszentrum
tiir Umwelt und Gesundhelt
GmbH

Ingtitut fiir Tiellagerung


koc
Schreibmaschinentext

koc
Schreibmaschinentext
J. Droste, H.-K. Feddersen

koc
Schreibmaschinentext
T. Rothfuchs, U. Zimmer


Die diesem Bericht zugrundeliegenden Arbeiten wurden mit Mit-
teln des Bundesministeriums fir Bildung, Wissenschaft, For-
schung und Technologie (BMBF) unter dem Férderkennzeichen
02 E 8211 A2 geldrdert. Im Zeitraum bis Juni 1995 wurden die
Arbeiten vom GSF-Forschungszentrum am Institut fir Tieflage-
rung in Braunschweig durchgefihrt, ab Jult 1995 von der
Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH im
neugegrindeten Fachbereich Endlagersicherheitsforschung. Die
Verantwortung fir den Inhalt dieser Verdffentiichung liegt allein
bei den Autoren.



Foreword

The reference concept for spent fuet management of nuclear power plants in the Federal
Republic of Germany comprises both the reprocessing of spent fuel assemblias by recycling
the urantum and plutonium and disposing the waste in boreholes in & sait dome and the
direct disposal of the spent fuel elements. The direct disposal provides the packaging of the
fuel rods in self shielding Pollux casks and their emplacement In the drifts of a repository
mine n rock salt. The remaining volume of the difts Is backfiled with crushed salt
immediately after the emplacemenit of the casks.

The "Thermal Simulation of Drift Emplacement” (TSS) large scale test is being performed in
the Asse salt mine to demonstrate the emplacement technology and to study the
thermomechanical effects with this way of disposal. The test is cared out by the
Forschungszentrum Karlsruhe GmbH (FZK), the GRS - Repository Safety Research
Biviston {untit June 30, 1985 GSF - Institut fir Tieflagerung {¥T}), the Bundesanstalt fir
Geowissenschaften und Fohstoffe (BGR} and the Deutsche Geselischaft zum Bau und
Betrieb von Endlagem fiir Abfalistoffe {DBE) and is sponsored by the Bundesministeritim fr
Bildung, Wissenschaft, Forschung und Technologie (BMBF) of the Federal Republic of
Germany.

Within the framework of the project the GRS is responsible for all technical measures
necessary for conducting the in situ test and for the geomechanical and geophysical

measurements,

This report presents the results obtained by the GRS until December 1995.
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1 introduction

The *Thermal Simulation of Drift Emplacement {TSS)" is one of several demonstration tests
which were performed within the framework of the R&D-programme "Direct Disposal of
LWR-Fuel Elements".

The programme consisted of the following points:

+« Works Regarding the Direct Disposal of LWR-Fuel Elements

« GConditioning and Development of Storage Casks
- Cask Development
- Conditioning Plant
- Component Development

« Demonstration Tests for the Direct Disposal of LWR-FE
- Themmnal Simulation of Drift Emplacement
- Handling Tests for the Drift Disposal
- Simulation of Shaft Transport
- Active Handling Experiment with Neutron Sources {AHE}

« Planning Works for a Repositery Concept
- System Analysis Dual Purpose Repository
- Detailed Planning of two Repository Concepis

« Expermental Research
- Corrosion Investigation of Cask Materials
- Retention of Fission Gases in Backlill Materials
- Leaching Behaviour of LWR-Fuel Elements
- Combined Leaching Expetiments Glass/Fuel/Corrosion Products

The utilities were responsible for the part "Conditioning and Cask Development" and the
Federal Government was responsible for the remaining points, Coordination of the project
was performed by the "Projekignippe Andere Entsorgungstechniken {PAE)" of the
Forschungszentrum Kardsruhe (FZK). The GSF-IfT was participating in the "Themal
Simulation of Drift Emplacement”, in the "Active Handling Experiment® and in the "System



Analysis of Repository Concepts”". On July 1, 1995 the GSF-IfT was transferred to the
GRS. Within the framework of the TSS project the GRS (GSF-IfT, respectively) was
responsible for all technical measures for conducting the test in the Asse mine and for most
of the geomechanical and geophysical measurements.

2 Objectives and Test Design
2.1 Objectives

The "Thermnal Simulation of Drft Emplacement” demonstration test is a contribution to prove
the safety of drift emplacement by studying the properties and behaviour of the backfill
material and the surrounding rock salt under the influence of heat and pressure. in the drifts
of a repository high temperatures will arise immediately after the emplacement of the casks
with spent fuel elements. In a licensing procedure for this kind of storage these effects are
to be assessed by thermomechanical model calculations. The computer codes and
constitutive modets have to be validated in advance by appropriate experiments,

The thermomecharicat effects of heat generation are of primary impeortance for the long
term safety of a repository. in the beginning the sealing eflectiveness of the backfill is low
even if it contributes to the retention of radionuciides. Apart from the geosphere the isofation
of the blosphere is guaranteed at that time by technical barrers like canisters, seals or
dams which, however, work only over a limited period of time. As an indispensable
requirement in the safety assessment of a repository the backfill has to turn into a barrier
before the failure of the technical barniers and to take over their mechanical and hydraulic
function. The required compaction of the backfilt to a solid rock is achieved by the gradual
closure of the backfilled drifts due to convergence. As a resuft of the heat input from the
casks the creep deformations of the rock salt and thus the compaction of the backfil are
accelerated terminating in a compiete sealing of the waste canisters in the rock salt.

Although backfilled voids in various salt mines and taboratory experiments proved the
reduction in permeabiiity and increasing rigidity and load bearing capacity of backfill material
at increasing compaction, little data are available about the development of the parameters
in time. The constitutive models currenily used are all based on iaboratory experiments and
have to be validated by in situ measurement resulls.



Ancther fundamental subject in the safety assessment of the direct disposal of spent fuel
are the small amounts of gas and water contained in rock salt which can be released due to
the heat-up of the salt. Miscelianeous gases may be produced by radiolytic impact of
gamma radiation. The most impodant gas component is hydrogen generated by the

corrosive reaction of water with the steel casks.

Gas production and release can resuft in a significant increase in gas pressure in the
repository after sealing. Increasing compaction of the backfill may lead to a further rise in
fas pressure, in the same way the possible generation of inflammable gas mixtures in the
repositoty has to be taken into account.

From these considerations the following objectives were formulated for the TSS test:

» Study of the thermomechanical interactions of heated dummy casks, backfill and
surrounding rock salt

s Validation of thermal and thermomechanical computer models

» Selection of a technique for the backfilling of emplacement drifts

+ Development and testing of suitable measuring technigques for the safety monitoring of a
salt repository

» Study of water and gas release from the backfill material due to heating

= Study of the corrosion of various packaging materials under standard repository

conditions.



2.2 Test Design

The TSS demonstration test is carried out at the 800 m level of the Asse salt mine inside
the StaBfurt Halite {(Na2B) cf the Zechstein Series in the anticlinal core of the sait dome.
The test field has been designed as similar as possible 1o a real repository, A general view
of the entire test field is given in Figure 2-1.

Two parallel test drifts have been excavated with a length of 70 meach. The drifts are 3.5 m
high and 4.5 m wide with a piliar of 10 m width between. In each test drift three dummy
casks were deposited. The dimensions, weight and heat output of the casks correspond to
real Potiux casks. The caristers are 5.5 m in tength with a diameter of 1.5 m and a weight of
65 t. The distance betweern the casks is 3 m. They are equipped with electrical heaters with
a thermal power output of 6.4 kW each.

After the installation of the heaters and the measuring equipment the test drifls were
backfilled in siinger technique with crushed salt material using a slinger truck.

Actually, in additicn o the two test drifts, the test field includes severa! observation and
access drifts on the 800 m levet and on the 750 m tevel {Fig. 2-1}. From the observation
drifts a large number of boreholes extend into the vicinity of the test drifts, as do boreholes
from the test drifts into the ambient rock salt.

The total length of the more than 200 boreholes amounts to approximatety 2700 m. The
borehcles are equipped with various measuring gauges to determine the thermomechanical
reactions of the rock. Other devices have been installed in the backiill and at the surface of
the dummy casks as well. Measuring chambers along the observation and access drifts
contain the power supply and the data acquisition systems.

The whole measuring system has been installed in certain monitoring cross sections which
are arranged in the middle, between and distant from the casks {Fig. 2-8}. The cross
sections A, B, C, D, F, G, H, |, 4 and K are located in the heated zone, whereas the sections
Et, E2 and L1 are lying in non-heated areas. Additional indices like D1 or E1+1 are
introduced to specify the distance of a measuring peint from the respective cross section,
The index numbers indicate the distance in metres with a plus sign in western direction and

a minus sign for the eastem direction.



Fig. 2-1 General view of the TSS test field

Fig. 2-2 Test drifts on the 800 m level with monitoring cross sections



3 Project Development

Planning and preliminary work for the TSS demonstration test staned in 1985 and were not
finlshed untt 1289.

The excavaiion of the observation drifts on the 750 m level was done in 1987, followed by
diilling and instrumentation of the measuring boreholes in 1988.

Mining of the test drifts an the 800 m level was carred out in spring of 1989, the effects of
which on the surrounding rock salt were already recorded by the measuring devices
installed on the 750 m tevel. After thal, the drilling of the reguired boreholes and the
instrumentation of drifts and boreholes took place as well as the emplacement of the
durmnmy casks, step by step walking alohg with the backfiliing of the drifts. With the whole
measuring equipment being connected to the data acquisition, the test field was ready for
operation in August 1990,

Heating finally staded on September 25, 1990. Since then every heater cask is operated
with a themat power output of 6.4 XW. The total power output in each drift amounts up to
about 19.2 kW (Fig. 3-1). Apar from several short breakdowns with no significant impact on
the thermomechanicat behaviour of the rock the electrical heaters operated quite well until
the end of 1893. The higher thermal power ouiput in the southem diift A from August 1991
untif August 1992 was caused by a malfunction of the power reguiater of the heater in
section D2 which was repaired in 1992.

Different kinds of problems at the heater control system ted o a higher thermal power
output in 1994, resulting in increasing temperatures both at the surface and arcund the
heater casks (Fig. 4.1-1}. After the replacement of several electronic components
temperatures are decreasing again in 1995. in 1985, a test phase was running with a
changed power contral which gave the basis for a further improvement of the whole system.
By the end of November 1995, the rencvation of the whole heater control system iook
place. The heaters are now operating faultlessly again with a higher precision.

In March 1993, a continuous registration of the total sum of the thermal power output was
instatted by which a continucus moenitoring of the power output was possible.
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The percentage of deviation of the recorded power output from the design value of 19.2 kW
for each dift is shown in Fig. 3-2. In 1994, the deviation especially in the southermn drift
reached up to 18 %. In 1995, the deviation of the power output is within the limits again.

4 Thermomechanical Effects

In drift emplacement the backdill is an important barrier and contributes to the stability of the
repository. Because of the initially high permeability, however, the backfilled drifts are
transient migration paths for gas and brine. Regarding the long term integrity of a repository
the reduction in permeabillity due to the compaction of the backfill is of primary importance.

In the TSS test the crushed salt used for the backfilling of the test drifts originates from the
excavation by means of a continuous miner. After cutting and sieving of the oversized grain
fraction the broken salt having a grain size of less than 45 mm was re-emplaced in the test
drifts by a slinger truck. After backfilling the crushed salt material had an initial density of
1400 kg/m®, correspending to a porosity of about 35 %.

Gradual closure of the drfts is giving rise to an increasing compaction of the backfiff
resulting in higher densities and fower porosities. This process is acceterated considerably
due o heating.

The geotechnical investigation programme which is cared out by the GRS involves
temperature, deformation and stress measurements. The temperatures are recorded by
numerous resistance thermometers at the surface of the heater casks, in the backfill and in
the surrcunding rock sall. For determination of backfi# compaction both the closure of the
test drifts and the settling of the backfili are measured by means of slationary measuring
equipments which had specially been designed for the TSS demonstration test. The rock
deformations around the test drifts are recorded by extensometers which are registrating
the axial borehole deformations. Hydraulic Gléizi pressure cells are used to observe the
Asing pressure in the backfill and the rock pressure around the heated drifts /SNE 93/,



4.1 Temperature

4.1.1 Backfill Temperature

Prior to heating the ambient temperature in the test drifts on the 800 m level is about 36 °C.
immediately after the heaters are switched on on September 25, 1980, the temperatures in
the surrounding area are rsing rapidly. At the surface of the casks the maximum
temperature of approximately 210 °C is reached after five months (Fig. 4.1-1}. This value
corresponds adequately to the design temperature of 200 °C in a repository in rock sait.

Since the thermal conductivity of the backfit increases with its compaction the temperature
at the surface of the casks decreases to about 175 °C until the end of 1993. Several shor
draps in temperature are due to short heater hreakdowns alter which the temperatures
increase again immediately. The higher temperature at the surface of the heater cask in
section D2 in the southem drift from August 1991 until August 1992 is a result of the already
mentioned problem at the power control system, In 1894, the temperatures rise again
caused by the troubles at the heater control system. Alter the repair measures in 1995, the
temperatures at the heater surface are decreasing again as expected, reaching between
165 °C and 175 °C at the moment {Fig. 4.1-1}.

For a validation of thermat mode! caicutations the measured temperatures have to be
compared with predicted values. In Fig. 4.1-2 the calculated temperatures at the heater
surface are shown /KOR 91/, They correspond quite well with the measurements in the test
drifts. A maximum temperature of 215 °C has been predicied after the beginning of heating.
Five years after the start of healing the calculated values of 175 °C to 185 °C differ only
about 10 °C from the measured temperatures. The differences are mainly a result of
uncertainties in the thermal conductivity of the porous backfill materal in the beginning
KOR 91/,

In the backfili around the heater casks the temperatures are also rising rapidly in the
beginning. After a few months the rales are decreasing more and more until the
temperatures approach steady state conditions with nearly constant values at the end of
1993.
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The highest temperatures are measured in sections around the ¢entral heaters. At that time
the temperatures in different sections at the drift floor range between 115 °C and 125 *C
next to the heaters and between 85 °C to 95 °C near the walls (Fig- 4.1-3). The
temperatures recorded at the walls are 85 °C to 85 °C at the pillar and 80 °C to 85 °C at the
opposite wall, In comparison with the opposite wall, temperatures at the pillar are generally
about 5°C to 10 °C higher, as the pillar is being heated on either side. At the roof above the
casks temperatures between 80 °C and 85 °C are observed. The temperatures inside the
backfill range between 105 °C in the upper part of the backfill to 135 °C on the level of the
casks {Fig. 4.1-4).

In 1994, the previously steady course of temperature development is disturbed by the
higher thermal power output of the faulty heater contro! system, leading to a new
temperature increase in the test drifis.

After the repair measures at the control system the temperatures in the backfill approach
steady state conditions again in 1995, At the diift floor next to the heaters temperatures
range between 115 °C and 125 °C at the moment. These are the same values as in 1993,
when steady state conditions are already reached next to the heaters (Fig. 4.1-3). The
actual temperatures inside the backfill are also in the same range again as in 1993
{Fig. 4.1-4}. Towards the walls and the roof the present temperatures are about 5 °C higher
than the values stated for 1993, implying that steady state conditions are still approached
(Fig. 4.1-3).

Warming up of areas further away from the heaters starts with some detay. In the sections
E1 and E2 at a distance of 12 m to the next heater cask temperatures begin to rise about
three months after the heaters have been switched on. Up to now, temperatures in these
sections reach values belween 45 °C and 48 °C {Fig. 4.1-5).

Far away from the heaters in section L1 located at a distance of 23 m to the next cask,
measurements show a temperature rise up to 40 °C until the end of 1995. The Increase
starts about half a year after the beginning of heating and takes a seasonal course with
stagnating temperatures in winter time (Fig. 4.1-5). This phenomencn is related to the
position of cross section L1 very close to the exit of the test drifts where the influence of the
mifie ventilation cannot be ignored.
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The temperatures in the cold sections of the backfill have not reached a steady state yet
and wilt continue to rise for the next time. Steady state conditions with constant
temperatures will only be reached when the thermal conductivity of the backfill does not

change any more,

The temperature values predicted by numerical calculations /KOR 91/ correspond quite well
to the temperatures measured in the test dnfts (Fig. 4.1-6). A better fitting is still required in
the initial stage of healing. The differences are mainly caused by uncetlainties in the
behavicur of the backfit materal, in paricutar its thermal conductivity and its compaction at
low compaction rates /KOR 91/. The impact of these parameters on heat transfer is
especially pronounced in the Initial stage of heating.

4.1.2 Rock Temperature

The heat transfer from the heater casks to the surrounding rock salt is taking place both via
the backiilf and directly over the drift floor on which the casks are set. The direct transfer of
heat inte the floor of the heated drifts is leading to a steep temperature gradient heneath the
drfis and lower temperatures on the boitom of the heater casks as the heat input is
conducted away rapidly. The high temperatures In the rock salt are restricted to a small area
below the heater casks. In 0.3 m the temperatures are already 30 °C lower than at the cask
surface reaching approximately 145 °C at the moment (Fig. 4.1-7). in a depth of 1.2 m
temperatures of about 107 °C are measured at present.

At the end of 1993, the rock temperatures In depths less than 2.5 m below the heater casks
already approach steady state conditions with nearly constant values {Fig. 4.1-7). After the
disturbed temperature development in 1994 due to the faulty heater control system the
temperatures approach steady state conditions again in 1895, Accordingly, the
deveiopment of the rock temperatures in this area is similar to the behaviour of the backfil
temperatures in the test drifts.

in greater depths, however, the temperature increase is much lower and starts with a delay.
Moreover, the areas further away from the heaters are hardly affected by the higher thermal
power output in 1994, The temperatures are still increasing, currently reaching about 75 °C
in § m and 60 °C in 10 m depth. At the lowest measuring points 30 m beneath the heated

drifts the initial temperature of 37 °C remains almost constant during the first year of

14



heating. Since 1991, a gradual temperature increase is recerded up to 42 °C at the
moment.

Towards the roct the heat transfer is taking place over a distance of 2 m via the backfill
which has a low thermal conductivity in the beginning. Therefore, the temperatures above
the heated drifts increase a litlie bit later than beneath the drift floor and reach lower values.
Currently, temperatures at the roof amount tc approximately 90 °C and decrease to 78 °C In
2 m depth {Fig. 4.1-8). Steady state conditions up to a distance of 2 m from the heated drifts
are not approached until 1995, Further away the temperatures are still increasing reaching
about 70 °C in 4 m and 58 °C in 8 m depth. At a distance of 32 m from the test diifts the
Initizl temperature of 34.5 °C remaing unchanged until 1993, Two and & half years after the
beginning of heating the temperatures start to rise gracduatty up to 38 °C at present.

The rock temperatures in the walls beside the heated drifts are showing the same
development and simitar values as the area above the drifts. In horizontal direction the heat
is transfemred over a distance of 1.5 m through the backfill. After five years of heating
temperatures of approximately 90 °C are measured at the drift walls (Fig. 4.1-9). The
temperatures are decreasing with increasing depth just as in the area above the heated
drifts.

in the pillar between the heated drifis, however, rock temperatures are higher than in the
opposite walls as the pittar is heated on both sides. At the drift watts temperatures of up to
97 °C are recorded at the moment (Fig, 4.1-18). The temperature gradient inside the piltar is
much lower as in the other areas. In 1.2 m temperatures sfili amount to 80 °C. The rock
temperatures in the inner part of the pillar are aimost identical. They decrease only from
83 °C at depths of 2.5 m te 80 °C at 5 m in the centre of the piliar. In the cpposile walls,
however, rock temperatures of approximately 72 °C and 63 °C are recorded in the
corresponding depths respectively {Fig. 4.1-9).

In the end of 1993, temperatures in the outer part of the piltar are approaching steady state
conditions. After the disturbed temperalure development in 1994 due to the faulty heater
control system the temperatures reach steady state conditions in 1985 all over the pillar
{Fig. 4.1-14),
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In the non-heated area the rock temperatures are recorded around the test drifts in the
sections E1 and E2. Next to the diifts the temperatures show the same development in all
directions (Fig. 4.1-11 to 4.1-14). The temperatures begin to rise about three months after
the heaters have been switched on. Up to now the temperatures are stll increasing,
currently reaching between 45 °C to 48 °C. The temperatures are almost the same up to a
distance of 5 m from the test drifts. Generally, the temperatures below the diifts are about
0.5 °C to 1 °C higher than in the walis and above the drifts. The highest values are recorded
in the pillar where an identical temperature increase Is taking place all over the pillar up to
A7 °C at the moment (Fig. 4.1-14)}.

Farther away from the test drifis the temperature increase stans detayed. At a depth of
10 m below the drifts the rock temperatures begin to rise three months after the heaters
have been switched on and amount to 45 °C at present (Fig. 4.1-11). At the same distance
beside and above the dritis the temperatures increase not until half a year after the start of
healting reaching values of approximately 43 °C at the moment (Fig. 4.1-12 and 4.1-13).

In 20 m below the non-heated drifts the first effects of heating are recorded after half a year.
Up to now the temperature increases to 42 °C (Fig. 4.1-11). At the same distance beside
and above the drifts the temperatures begin to rise one year after the stant of heating. The
actual values amount to approximately 40 °C (Fig. 4.1-12 and 4.1-13).

In Fig. 4.1-15 and Fig. 4.1-16 the measured rock temperatures below the heated difts and
in the pillar are exemplary compared with the predicted values of numericai calculations
/KOR 91/. Obviously, the coincidence is satisfactory. Like the temperatures in the backfill a
better fitting is siill required in the initial stage of heating.

With increasing distance of the measuring points from the heated drifis the deviation
between measured and calcutated temperatures diminishes. The differences are mainly a
result of the constitutive law of rock salt which does not fit well encugh.

In summary the rock temperatures in the heated area increase continuousty after the
heaters have been switched on. After five years of heating the temperatures in the area
next to the heated drifts and all over the heated pillar approach steady state conditions.
Farther away the rock temperatures are still increasing as well as the rock temperatures in
the cold sections.
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4.2 Deformation
4.2.1 Drift Convergence

Convergence measurements in the observation drifts on the 750 m level

Since 1987, the diift convergence is recorded in the observation drifts on the 750 m levelin
the sections Dt and D2. The measurements are carried out manually. Additionafly,
permmanent convergence measuring gauges are instatied in the sections D1 in the southem
drift and D2 In the northem drift which are registrating the deformations automatically.

tn the beginning after the excavation of the observation drifts the convergence rates are
increasing at first. After one month the rates get already decreasing. About two years after
the excavation of the drifis the convergence rates are nearly constant indicating steady
state creep. The horzontal convergence rates from that time onwards amount to
0.075 - 0.09 “%/a. Some higher vatues of 0.115 %/a are measured in section D2 of the
southem drift due to the existence of the measuring chamber close by (Fig. 4.2-1}. The
convergences in vedical direction are a little higher reaching between 0.095 %/a to
0.13 %/fa. The maximum vatues of 0.15 %/a are again registered next to the measuring
chamber {Fig. 4.2-2}.

From March to Aprl 1989, the excavation of the test drifts on the 800 m level induces a
short-term decrease of the convergence rates on the 750 m leve! until the end of May 1989.
The heating of the test drifts since September 1998, however, does not affect the
convergence rates in the cbservation drifts during the first years.

Not until four years after the beginning of heating the convergence rates on the 750 m level
are accelerated. The horizontal convergence rates then rise about 40 % reaching
0.115 - 0.12 %/a at the moment. in section D2 next to the measurng chamber even
0.16 %fa are measured. The rates in vertical direction increase ahout 25 %. The actual
rates amount to 0.12 - 0.165 %/a up to 0.19 %/a next to the measuring chamber,
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Convergence measurements in the test drifts on the 800 m level

Horizontal and vertical convergence measurements are carried out both in the heated zone
{monitoring cross sections B, D17, G1 and G2) and in the non-heated area {cross sections
E1" and E2) of the test drifts. The measurements started immediately after the excavation
of the drifts and have been continued since then,

Prior to heating corwvergence rates average 0.25 %/a in horizontal direction and 0.3 %/a in
verticat sections. The differing values in either direction are mainly a result of the local
stress field,

immediately after the start of heating the convergence rates in the heated area accelerate
considerably up to twelve times the amount (Fig. 4.2-3 and 4.2-4). For a shor time they are
nearly constant. About three months after the beginning of heating the rates are aiready
decreasing again due to the creep of the salt and the beginning support by the backfill. The
increasing resistance of the backfill to diift closure caused by its increasing density and
rigidity reduces the convergence rates more and more up to the end of 1993, As a result of
the higher themal power output in 1894 the convergence rates then remain almost
constant over mare than a year (Fig. 4.2-4). After the repair of the heater control system the
rates are decreasing again in 1995 reaching 0.46 - 0.57 %/a in horizontal direction at the
moment. The present verical rates amount to 0.62 - 0.74 %/fa. These values are still twice
as much as before healing,

In the non-heated sections the convergence rates remain unchanged at first. Three months
after the heaters have been switched on, the temperatures start to rise gradually in the cold
sections Et and E2 as well {Fig. 4.1-5). The closure of the drifts subsequently accelerates
to double the amount (Fig. 4.2-3 and 4.2-4). Two years later in early 1993, the convergence
rates decrease again. From three years after the beginning of heating up to now the rates
stay almost constant. The actual rates are reaching 0.30 - 0.37 %/a in horizontal and
0.30 - 0.53 %/a in verlical direction. That is stilt about one and a half times of the initia
closure rate and about two thirds of the rates observed in the heated area.
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After the start of heating drift convergences in the southem drift are initially up to 10 %
higher than in the northem diiff, After two years the rates in both drifts are approximately in
the same range in the heated area up to now. in the non-heated area, however, the
differences between the two diifts are more significant. The convergence rates in the
southern drift are still up to 20 % higher than in the northem drift.

In the sections G2 and E1" the vertical convergences are not measured in the centre of the
drifts but in a distance of 1 m from each wall. The recorded convergences are therefore
lower than in the other sections. Generally, the verical convergence rates on the pillar side
are higher than next io the opposite wall. In the heated section G2 the difference amounts
to 5 - 10 %, in the non-heated section E17 even to 10 - 15 % (Fig. 4.2-5).

The comparison of measurements with calculated drift convergences /KOR 91/ reveals a
good coincidence in the cold sections {Fig. 4.2-8). In the heated area, however, drift closure
is considerably lower than expected. After five years of heating vertical convergences reach
only two thirds of the predicted values, being already twe and a half years behind the
calcufated course {Fig. 4.2-7). Obviously, the constitutive law applied does not fit well

enough.

From the volume decrease of the drifts caused by drift closure the actual backfill porosity
can be determined using the values of convergence measurements. After five years of
heating the initial backfiit porosity of about 35 % has been reduced to a porosity of 26.5 %
to 28 % in the heated area {Fig. 4.2-8), whereas the porosity in the non-heated sections
ranges between 32 % and 33.2 % {Fig. 4.2-9). In thg heated area the decrease of backfill
porosity is taking place much slower than predicted as a result of the lower convergence
rates /KOR 91/,

The stated porosities, however, are only mean values over the respective sections. Bue to

the temperature gradient in the backfill from the heater casks towards the walls signlficant
differences of the local porosity can be expected.
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42,2 Closing of the Roof Gap

After backfilling of a drift the settling of the backiifi due to gravity leads to the opening of a
gap between the roof and the top of the backfii which may be a migration path for

contaminated gas or brine in a {final repository.

In the test drifts the opening and closing of the gap are monitored by means of staticnary
measuring equipmenis. A whole equipment comprises three metal sheets at different levels
inside the backfill to record the backfill settling. The uppermmost sheet of each device is set
right on the top of the backiill immediately after its emplacement, The change in distance
hetween every sheet and the roof s monitored by electric transducers /SNE 93/,

The measuring devices are installed in the sections B”, D1 and G2’ in the heated area as

well as in the non-heated sections E1™ and E2” (Fig. 2-2).
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Primary seftling of the backfill induces an opening of up o 25 mm on the top of the backiill.
Settling in the early backfiled sections at the far end of the test drifts has already ceased
when heating starts, but stilf continues in sections further in front which have been backfilled
just a few weeks prior {o heating.

In the non-heated area the opening of the gap takes about half a year in section E2” which

has been backfiled at firsL. 1t lasts about four months in cross section E1” fight in the front
of the test drifts (Fig. 4.2-10}. The gap opens between 16.2 mm and 23.5mm in the
different sections depending on the local density of the backfill and the loca! drift
convergence. {f vertical drift convergence which counteracts the primary settiing is taken
into account, the opening of the gap in fact reaches an amount of about 22 mm to 27 mm in
the non-heated zone. After maximum opening has been achieved, the size of the rocf gap
remains aimost unchanged for a while when backfill settling and drift convergence have the

same rates.

Following the gradual temperature increase in the non-heated zones it 194, drifi closure is
accelerated and the gap at the roof begins to close again. Closing of the gap starts about
four to ten months after the beginning of heating in cross sections E1” and E2 respectively
(Fig. 4.2-10). About 14 months after the clesing has begun, the displacements in section
E1" suddenly slow down cansiderably when the top of the backfilt gets into touch with the
roof. Subsequent to the closing of the gap there are still some final displacements of 1 mm

to 4 mm paossibly due to a compression of the disturbed zone arcund the drift. Unlike the

backfill in the front of the test driifts the closing of the gap in cross section E2" takes much
ionger and iasts about two years.

In the heated area most of the primary setting happens in the same way within the first
month after backfilling. When heating starts about two to four menths after backfilling, the
opening of the roof gap reaching an amount of 5.1 mm te 11.8 mm has not come to an end
yet {Fig. 4.2-11). However, settling rates are already decreasing and very low as compared
with the beginning.
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When the heaters are switched on, the significant acceleration of drift closure almost
immediétely induces the closing of the roof gap. Closing starts already a few days after
heating has begun. Within just about four to seven weeks the gap is closed again when the
top of the backfill comes into contact with the roof, as indicated by the sudden retardation of
the displacements (Fig. 4.2-11). The values recorded for the closing of the gap are up to
3 mm higher than the measured amount of opening due to the incomplete adjustrment of the
measuring device on the top of the backfill. Like in the non-heated area stil some fina!
displacements amounting 1 mm to 3 mm can be found after the clesing of the gap when the
disturbed zone around the lest drifts is being compressed.

It can be assumed from the considerations above thal the gaps measured in the test will not
arise In a final repository. The power output of the Pollux casks will aftect the surrounding
rock immediately accelerating the drift closure. After backfilling the primary settling of the
backfill will already be compensated by the accelerated drifi convergence.

4.2.3 Backfiil Settling

The settling at different levels of the backiill is recorded by the same measuring equipment
used for the monitoring of the gaps /SNE 93/. The measuring devices in the sections B,

D1" and E2” are equipped with three gauges each, inciuding cone at the fleor to measure
the drift convergence, one in the middle of the drift and one on the top of the backfill to
monitor the closing of the roof gap. in cross sections G2 and £1" where separate
convergence measurement devices are installed, there are two gauges in the lower and
upper third of the backfill in addition to the one on the top. In this way the vertical

distribution of backfill settling can be determined.

Measurements always statted immediately after backfilling. Prics to heating primary settling
takes place as descrbed above,

In the non-heated area primary settling continues after the heaters have been switched on,
affecting mainly the lower seclion of the backfill. At that time about two thirds of the
compaction are taking place in the lower third of the backfill and about one third in the
middie part, whereas the upper part of the backfill remains almost unchanged {Fig. 4.2-12
and 4.2-13).
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As a result of the accelerated drift ¢losure in the cold area following the gradual temperature
increase in 1931, the movement in the backfill reverses about three months to ten months
after the beginning of heating in the sections Et" and E2” respectively. While the gap at the
roof is closing, the porion of backfill compaction in the central area increases. Compaction
in the upper parn of the backfill starts not untit the gap is closed. Subsequent to the closing
of the gap the seftling rates at all leveis in the backlill decrease with increasing percentages
of backfill settling taking place in the upper part now. Since 1993, the portion of backfill
compaction in the lower third is increasing again although the total compaction is still
considerably lower than in the upper parts (Fig. 4.2-12 and 4.2-13).

Up to now the total compaction reaches about 23 mm in the upper third of the drifts, about
28 mm in the middie part and only around 9 mm in the fower section. The corresponding
ratio of backiilf settling ameounts to about 40 %, 45 % and 15 % in the upper, middle and
lower part respectively., Actual settling rates in the cold backfil range between
0.25 - 0.3 %/a in the upper section, 0.6 - 0.9 %/a in the middle par and 0.4 - 0.5 %/a in the
lower pant.

in the heated area the significant acceleration of drift closure after the start of healing
almost immediately induces a reversal of the direction of disptacement. Apart from primary
settling, however, no compaction takes place in the beginning as the backfill which has no
contact with the subsiding roof Is Hted up as a whole.

Backfill compaction staris not until the gap at the roof is closed. After the closing of the gap
the backfill settling takes a decreasing course running almost identical in the same cross
sections of the two test drifts (Fig. 4.2-14). The devialing convergence vafues in the
southern test drift in 1993 to 1994 shown in Fig. 4.2-14 are caused by a stick-slip effect of
the gauge.

Unlike the non-heated sections about 80 % of backfill compaction is taking place in the
upper half of the backfill during the first months after the closing of the gap {Fig. 4.2-15).
Then Increasing portions of the lower part are involved untit the vertical distribution of
backfill compaction is approximately batanced after two years of heating. The portion of
backfif compaction in the lower half keeps slightly increasing since then, but all in all the

vertical distribution is still balanced up to now.
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A more detailed course of compaction can be obtained from section G2% where settling
gauges are installed at levels of one third and two thirds of the drifts. In the beginning about
70 % of backfill compaction is taking place in the upper third, 25 % in the central par and
only 5 % in the iower section (Fig. 4.2-186). The corresponding settling rates range between
about 9 %/a in the upper third to an average of approximately 5 %/a in the lower parts.

Subsequently the proporiion of backfit compaction in the upper section diminishes rnore
and more while increasing parts are taken over by the lower third of the backfil
(Fig. 4.2-18). Settling in the middle par, however, increasas only slighily. After two years of
heating the compaction in the different parts of the backfill reaches an almost constant ratio
with hardly any change up to now. The current values amount to about 40 % in the upper *
third and about 30 % in the middie and fower section each.

The total displacemsnts in the heated backfiit range between 57 mm to 73 mm in each ot
the lower thirds and 83 min to 86 mm in the upper third at the moment. Consequently, the

present compaction in the heated area reaches about three to four times the amount of the
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total compaction of the upper parts of the non-heated zones and even six to eight times the
amount of their lower third. The current settling rates of about 0.5 %/a 10 0.7 %f/a, however,
are in the same order as the actual rates in the cold backfill.

Actually, the highest values of bagkfill compaction are recorded around the central heaters
in section B Compaction decreases with increasing distance from the central heaters and

is about 10 % to 25 % lower around the heaters in cross section D1'1.

4.2.4 Axial Borehole Deformations

The axial deformations of the rock around the test drifts are monitored by multiple point
glass fibre rod extensometers which are installed in boreholes in the sections A and D1 in
the heated area and in the non-heated sections E1 and E2 (Fig. 2-2). In each section
boreholes in the floor, in the walls, in the pillar and apari from section A in the roof as well
are equipped with a set of four extensometers. In section A a set of five extensometers has
been installed above each test drift from the observation drifts on the 750 m level prior to
the mining of the test drifts. At the same fime an additional set of eight extensometers has
been installed in a vertical borehole between the test drifts in order to record the venical
displacernents in the pillar between the test drifts.

Axial borehole deformations prior to heating

In the monitoring cross section A the vertical displacements above the test drifts and in the
pillar are recorded on the 750 m |evel since April 1989.

As a result of the mining of the test diifts from the end of March untit Aprii 1989 the
deformnation rates right above the test diifts rise to 5 - 10 mm/a corresponding to dilatation
rates of 0.25 - 0.3 %/a in the section 1.5 - 3.5 m above the drifts (Fig. 4.2-17 and 4.2-18).
The rnovlements are directed downwards towards the test drifts. Farther away in a distance
of 3.5 - 31.5 m above the test drifts the deformation rates reach only 1 - 3 mm/a
(Fig. 4.2-17). The dilatation rates of 0.01 %/a are very low in that area (Fig. 4.2-18).
Thirteen to sixteen months after the mining of the test drifts the vertical displacements
above the drifts reach steady state conditions with dilatation rates arcund ¢ %/a. Obviously,
the deformations resulting from the mining of the test drifts have already come t0 an end
before the hesting is started.
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The vertical displacements in the piifar are showing the same development in the area
above the level of the test drifts (Fig. 4.2-19 and 4.2-20). In the deeper part, however, a
continuous upiifting is recorded until the stant of heating ranging between 0.3 %/a oh the
level of the drilts and 0.15 %/a to 0.015 %/a below the test drifts (Fig. 4.2-20 and 4.2-22).

Axial borehole defarmations during the heating

After the start of heating the deformations are accelerated four times to six times the
amount with a delay of five weeks right above the test drifts ta nine months 7.5 m above the
drifts. In 15.5 m above the drifts the accelerated deformations start not until two years after
the beginning of heating, whereas the measusing points 31.5 m away are recording the first
effects of heating after four years (Fig. 4.2-17).

About one year after the start of heating the defommation rates above the fest drifts are
already decreasing indicating the beginning suppont by the backfill. The actual deformation
rates 1.5 m above the drifts amount to 8.5 mm/a, They are decreasing to 3 - 5 mm/a in
7.5 m corresponding to dilatation rates of 0.1 %/fa (1.5 - 3.5 m) to 0.04 - 0.07 %/a
(7.5 - 15.5 m). Farther away the dilatation rates reach only 0.006 - 0.02 %/a {Fig. 4.2-18).

In the pillar the vertical displacements on the level of the test drifis are accelerated almost
immediately after the start of heating to five times to ten times the amount (Fig. 4.2-19).
Beneath the level of the drifts the deformations are going up twice to four times the amount
with a delay of two or three months (Fig. 4.2-21). Above the drifts there is a delay of about
six months (Fig. 4.2-19),

The initially upward movement on the level of the test drifts reverses about half a year after
the beginning of heating {Fig. 4.2-19). The displacements are now directed downwards like
the movements in the area above the test drifts, The displacements below the level of the
test drifts, however, are still directed upwards (Fig. 4.2-19 and 4.2-21).
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About one year after the heating has been started ihe dilatation rates reach their maximum
{Fig. 4.2-20 and 4.2-22). The highest values of up to 0.55 %/a are recorded on the level of
the test drifts. After that the rates are decreasing again reaching 0.15 %/a on the ‘evel of
the drifts at the moment. Right abave the drifts the maximum dilatation rates in the pillar
amount to 0.2 %/a decreasing {o 0.1 %/a up to now. in the area more than four metres
above the test drifts the dilatation rates are only very small ranging between
0.001 - 0.03 %f/a.

The deeper part of the pillar, however, is affected much more by the heating. Evens 14 m
below the level of the drifts a doubling of the deformation rates is been observed. Since
1893 ail gauges in the deeper par of the pillar do not record any further deformations. The
deformations, however, have not come to an end yet. Presumably, the glass fibre rods of
these extensometers got stuck due 1o the rock pressure leading to the failure of the gauges.
In 1995, two additional boreholes in the deeper part of the pillar were equipped with a set of
tour extensometers each to compensate for the failures. Measurements are starting soon.

The axial deformations around the test drifts are recorded on the 800 m level since
September 1980,

In the heated area the first and largest deformations are observed by the extensometers in
the floor right below the heated casks. Within one week after the heaters have been
switched on, the deformations are accelerated ten to twenty times the amount (Fig. 4.2-23).
After initial deformation rates of up o 106 mm/a and dilatation rates of up to 4 %/a in a
depth of 0 - 2.5 m, the rates are decreasing again already two months later. After three
years deformation rates of 15 - 20 mm/a are registered. In the end of 1993, all of the floor
extensometers in the heated area have failed, the reasons for which will be expiained in
chapter 4.4.1.

in 2.5 m below the heater casks the accelerated deformation starts with a delay of two to
five weeks. During the next four to six months the deformation rates amount to
23 - 33 mm/a, decreasing afterwards to 14 mmva just before the failure of the gauges in
1993.
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In 5 m and 10 m below the heater casks the first effects of healing are recorded after two to
four months and four to terr months respectively. After an initial increase o 10 - 17 mm/fa
the deformation rates in 5 m depth decline to 6 - 7 mmv/a in 1993. In a depth of 10 m nearly
constant deformation rates of 3 - 5 mm/a are observed. The corresponding dilatation rates
are shown in Fig. 4.2-24. Up to a depth of 5 - 10 m below the test driits the uplifting of the
fioor reaches doubie the amount of the vertical displacements in the pillar on the same
level. In the deeper area the deformation rates are in the same range.,

The horizontal extensameters in the walls are showing a delayed reaction to the heating
and in the beginning lower deformation rates than the floor extensometers {Fig. 4.2-25 and
4.2-26). At the drift wall the accelerated deformalions start between one 1o two weeks after
the heaters have been switched on with maximum deformation rates of 38 - 51 mmy/a. In
2.5 m depth rates of 10 - 18 mm/a are recorded. The dilatation rates in 0 - 2.5 m reach up to
1.3 - 1.8 %/a. About two to three months later the deformation rates are already decreasing
again. After nine months they are in the same range as the verticai displacements in the
floor. Up to the end of 1993 the rates keep on going down. Due to the higher thermal power
output in 1994 the defommation rates then remain almost constant over more than a year.
After the repair of the heater control system the deformation rates are decreasing again
reaching 13 - 15 mm/a at the drift wall at the moment and 7 - 9 mm/a in 2.5 m depth,

st a depth of 5 m in the walls the acceteration of the deformations starts not unt# three to
five months after the beginning of heating. After eight to ten months maximum rates of
6 - 9 mm/a are reached going over to almost constant rates of 4 - 7 mm/a up 1o now. The
measuring points in 10 m depih are indicating the first effects after nine to tweive months of
heating. The displacements are still taking a linear course at constant deformation rates of
2 -3 mmfa. In Fig. 4.2-26 the hotizontal dilatation rales between the measuring points are

shown.

The actual deformations of the horizontal extensometers in the walls are mainly measured
by additional devices which have been installed in 1924 in three additional boreholes after
the failure of most gauges. The boreholes have been drilled in horizontal direction in the
sections A and D1 from the observation drifts on the 800 m level.
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At the pillar wall the horizortal displacements are about 10 - 30 % higher than the
deformations at the opposite side (Fig. 4.2-27}. Maximum deformation rates of 48 - 64 mm/a
are reached after three months. Afier that the rates decrease again. Four years after the
beginning of heating almost afl gauges in the pillar have failed with the exception of one
extensometer at the drift wall recording a deformation rate of 15 mm/a at the moment
(Fig. 4.2-27}. A replacement of the instrumentation in the pillar is not feasible in hosizental
direction,

In 2.5 m depth the horizontal deformation rates in the piltar are initially about 30 % higher
than in the opposite wall, After three months the deformation rates reach their maximum as
well but remain almost constant then at a level of 15 - 24 mm/a for aboul half a year. After
that the rates are decreasing likewise. About one to two years after the beginning of heating
the deformation rates in the pillar are approaching the rates of the other wall extensometers
in the same depth.

While the horizontal deformation rates in the pillar and the wailis are guite similar, there are
differences between the dilatation rates of the measuring points. In 0 - 2.5 m depth the
ditatation rates are reaching a maximum of 1.3 - 1.8 %fa in the beginning on both sides,
Alter that, however, the rates in the pillar are decreasing more slowly than in the oppaosite
wall (Fig. 4.2-28). In 2.5 - 5 m depth the dilatation rates in the pillar are twice as much as in
the wall. In the beginning they amount up to 1 %/a. From nine months after the start of
heating on they are showing the same course as the dilatation rates of the wall
extensometers in a depth of 0 - 2.5 m. At the time of the failure of most pillar extensometers
the horizontal dilatation rates in the inner and the outer part of the pillar are almost in the
same range (Fig. 4.2-28).

The vertical deformations of the roof extensometers are lower and more detayed than the
displacements of the other extensometers because of their greater distance from the heater
casks. Their deformation rates are comparable to a floor extensometer which s shifted
about 2.5 m (Fig. 4.2-29).

Al the roof and In 2.5 m depth maximum deformation rates are reached after thrée to six

moenths. They amount to 33 - 36 mm/a and 11 - 12 mim/a respectively. Afterwards the rates
are decreasing again. By 1393 the roof extensometers in section D1 have all failed.
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in 1994, two additional boreholes are dritied from the observation drifts on the 750 m level in
section D1. They are equipped with five extensometers each which replace the failed
gauges. The actual deformation rates measured by these extensometers amount to
B - 7 myn/a right above the roof and to 3 - 4 mm/a in 2.5 m depth,

In 5 m depth the accelerated deformations start not untll five to seven months after the
beginning of heating. Reaching their maximum after nine to ten months the deformation
rates are then decreasing slowly and amount to 2 - 3 mm/a at the moment. In a depth of
10 m the effects of heating are first recorded after one year. In this area the disptacements

take a linear course at constant deformation rates of 1 - 2 mm/a.

The dilatation rates of the roof extensometers in section D1 are shown in Fig. 4.2-30. They
are in the same range as the rates of the extensometers above the test drifts in section A

which have been instafied from the 750 m level.

In Fig. 4.2-31 the dilatation rates next to the heated drifts in 0 - 2.5 m depth are compared
for different positions. The maximum dilatation rates of up to 4 %/a in the beginning are
recorded In the floor of the test drifts. The horizonta! rates rise up to 1.8 %/a while the rales
in the root reach up to 1.3 %fa. About half a year after the start of heating the dilatation
rates in the floor become like the rates of the other extensometers. The further decrease of
the dilatation rates is in the same range in all positions with the lowest rates stiff occuring In
the roof.

it can be concluded from Fig. 4.2-31 that the vertical convergence of the heated drifts is
composed by two thirds of the upilifting of the floor and only by one third of the downward
movement of the reof. The horizontal displacements, however, show not much difference.
The deformations on the pillar side are contributing between 50 % and 60 % to the
herizental movements and are not distinctive higher than the defermations on the opposite
side. Consequently, an approximatety uniform compaction of the test drifts from both sides

can be assumed.
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In the non-heated area the sections E1 and E2 have been equipped with the same
extensometer instrumentation as in the heated area to enable an assessment of all the
deformations. The total deformations in the non-heated area amount only to about 30 % of
the displacements in the heated sections (Fig. 4.2-32 and 4.2-33). The largest deformations
are recorded by the floor extensometers whereas the lowest ones are agailn occuring in the
roof. The proportion of the uplifting of the floor, however, is much lower than in the heated
area. It coninbutes just between 50 % to B0 % to the vestical displacements of the cold
seclions.

The deformations at the drift outline are similar for all measuring peints in the cold sections.
Due to the gradual temperature increase in the non-heated sections in 1991 the
deformation rates are gradually increasing. After one to one and a half year of heating
maximum rates of 10 - 12 mm/a are reached at the walls and the roof, while some higher
rates of 12 - 14 mm/a are recorded at the floor. The maximum dilatation rate in 0 - 2.5 m
amounts to 0.4 %/a. After that the rates are slowly decreasing again reaching 8 - 9 mm/a at
the moment in horizontal direction and lower rates of 5 - 7 mm/a at the roof and the floor.

50



50 —:—l | I

T ] I

E 40t .

c : wall / :

[~] 1 /

: " |

T 3D

E >

E i

o 20

3 3 |

e 1=

2 10 _ ot

E : % — :

l- - - 10.0m

é ] - pp——r SR
ial1jaialafslalalaf1{afala;1]o[a]ala]2 a4
1990 18914 i 1643 1993 r o [

Fig. 4.2-32 Horizontal deformations beside the cold drifts (wall extensometer in section E£1}

&0 r . —
7| i
E‘ = 2.5 2.5 :
g ] SOUTH N @ * NORTH _ uy/
— 45 — .. ..
5 1 ) k "
i {0 ‘ i
E :
E 30 | /;,4
5 - o i
o N e '
.% ] 5 2.5m
15 Rt
.8 i - _,.._..--1"'"'_':-_:‘::---"“
T I RN, o
— 4 i e
é i .....--ﬂ-""'“-‘-‘__a-"‘—
0'_ m==mT H
Vals|lelaTajt]alaialtte]alals]ela]als]e]ala
1980 15381 1992 1983 1824 1985

Fig. 4.2-33 Horizontal deformations between the cold drifis {pillar exiensometsr in

section E2}



These deformation rates as well as the actual dilatation rates of 0.1 - 0.3 %/ain 0 - 25 m
are in the same range as the present rates in the heated sections (Fig. 4.2-34 and 4.2-35).

In 2.5 m depth the deformations start with some delay but {ake a similar course as the
displacements at the drift outline (Fig. 4.2-32). After one to one and a half year maximum
deformation rates of 11 - 20 mm/a are reached in the walls and the floor and 7 - 10 mm/a in
the roof. These rates keep nearly unchanged up to now. In the healed area, however, the
deformation rates in 2.5 m depth are decreasing the whole time after the maximum rates
have beer reached. The present rates in the heated sections are in the same range as the
rates in the non-heated area. The actual dilatation rates of 0,03 - 0.07 %/a in 25 -5 m
depth in the cold area are likewise comparable with the heated sections (Fig. 4.2-34).

A differing bebaviour, however, is cbserved in the pillar. In 2.5 - 5 m depth the dilatations
reach maximum rates of 0.2 %/a after one year. After five years the rates in the pillar
amount to 0.11 - 0.13 %/a and are still twice to three times as much as the dilatation rates in
the opposite walls {Fig. 4.2-35}. In the heated area the horizontal dilatation rates in the inner
and the outer part of the pillar are in the same range after two years (Fig. 4.2-28). !In the
non-heated pillar, however, the dilatation rates in 0 - 2.5 m depih are still double the amount
of the rates in the inner pan of the pillar {Fig. 4.2-35),

In depths of 5 m and 10 m the deformations in the non-heated area are only very small. In
5 m the deformations are rising about half a year to one year after the beginning of heating
{Fig. 4.2-32), The deformation rates are almost constant at 2 - 3 mm/a in the walls and in
the floor. The roof extensometers are recording rates of 0.4 - 0.8 mm/a. In 10 m the
deformations stan after one to twe years. The rates amount to 0.9 - 1.5 mm/a in the walls,
te 0.6 - 0.9 mm/a in the floor and to 0.2 - 0.4 mm/a in the roof. The dilatation rates reach
0.01-0.04 %/ain 5 - 10 m depth and 0.002 - 0.01 %/a in 10 - 20 m depth (Fig. 4.2-34).

Actually, in areas further away from thé test drifts the horzontal deformation rates in the
heated walls are still twice as much as in the non-heated area. in the heated roof and fioor
the present vertical deformation rates are even three to five times the amount of the cold
sections. Unlike the area next to the drifts the deformation rates of the heated and the cold
sections are still not approaching up to now.
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The development of the deformation rates In the heated and the non-heated area after two
and five years of heating is shown in Fig. 4.2-36 to 4.2-39 for increasing depths. The
deformation rates of the extensometers in different depths are set in relation to the rates at
the drift outline,

in the heated area the proportions of the deformation rates of all extensometers apart from
the pillar are quite similar after two years of heating. In 2.5 m depth about 53 % of the rates
at the drift outiine are reached {Fig. 4.2-36). Up to a depth of 10 m the values decrease to
approximaiely & %. After five years of heating the proporion of the rates in 2.5 m depth
decreases to 30 % at the roof extensometers (Fig. 4.2-37). At the horizontal extensometers
the proportion of the area next to the drifts up to 5 m incrgases slightly. In the area further
away from the drifts, however, the proportion of the rates increases more significantly to
about 10 % in 10 m depth. The extensometers in the floor have all falled at that time.

In the non-heated area the propertions of the deformation rates in 2.5 m depth are reaching
between 25 % of the rates at the drift outline at the roof extensometers to 35 % at the floor
extensometers after two years of heating (Fig. 4.2-38). In the piilar even 55 % are recorded.
Up to a depth of 10 m the values are decreasing tc 3 - 5 %. Five years after the beginning
of heating the proportions of the rates have hardly changed in the non-heated area
{Fig. 4.2-39). The horizontal extensometers in the walls are the only ones with a noticeable
increase of the values in the area further away from the drifts.

In Fig. 4.2-40 the start of the accelerated defarmations in the heated area is summarized for
the different extensometers in relation to the distance of the measurng points from the
heated drifts, From that diagram the activating time of the accelerated deformations for

distant aregs can be estimated.

The comparison of the exiensometer measurements with calculated rock deformations
reveals significant differences in the heated area. Like the drift convergences the horizontal
deformations in the walls and the pillar reach only two thirds of the predicted values
(Fig. 4.2-41). The vertical deformations in the floor are even much lower than expected, At
the time of the failure of the extensometers they have reached just about the half of the
cafculated amount.
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In summary the heating caiises a significant acceleration of the rock deformations around
the heated area towards the test drilts. The closer the measuring points are located to the
heater casks the earlier the deformation starts and the higher are the deformation rates.

Next to the heated drifts the deformation rates are decreasing again after two to three
months indicating the beginning support by the backfill. Since that time the rates are
continuously decreasing approaching the steady state creep. However, the time when that
steady state will be reached cannot be estimated up to now.

Unlike the deformations next to the heated drifts the rates of the distant exiensometers as
well as the rates in the non-heated sections are still constant. An assessment of the future
development of the deformations in these areas away from the heated drifts is not possibie

at the moment.

4.3 Pressure

4.3.1 Backfill Pressure

The increasing compaction of the backfil due to drift closure is creating a rising pressure
between backdill and surrounding rock which improves the stability of the repository. The
connection between backfil pressure and drift convergence is indispensable to the
validation of numerical models. In the test drifts the backfil pressure is recorded by Glotzl
type hydraulic pressure cells which are installed at the floor, at the roof and at the walis of
the drifts. Measurements are carried out in the heated sections B, D1, D2 and Gt as well as
in the non-heated section E1.

The pressure in the cold backfili is not affected by heating at first. The gauges in cross
section E1 measure only a minor decrease in pressure of about 0.025 MPa. Approximately
one year after the start of heating the pressure begins to rise slowly due to the gradual
temperature increase in the non-heated sections in 1991. From 1992 onwards, the pressure
development takes a seasonal course with a stagnating presstre in surnmer time. Since the
end of 1994, the pressure in the northern drift rises faster than in the southem drift. Current
values range between 0,10 - 0.16 MPa in the southem drift and between 0.13- 0.17 MPain
the northem drift (Fig. 4.3-1).
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Fig. 4.3-1 Backfill pressure in the gold area {section E1)

In the northem drift the cald backfill has aiready obtained a higher rigidity. This is indicated
by a slightly higher pressure increase up to now as well as by a distinet drop In pressure of
0.04 - 0.05 MPa in May 1994 after a 75 hour heater breakdown {Fig. 4.3-1). The short drop
in heater temperature caused by the breakdown does not affect the temperaiures in section
E1. The short pressure decrease in the northern diift has to be attributed to the relaxation of
the more rigid backfill due to thermal contraction. Another heater breakdown of 15 hours in
June 1995 once again leads to an immediate drop in pressure of 0.02 - 0.03 MPa In the
nerthern drift. This time the backiill in the southem drift reacts as well but with a delay of
about six weeks and a lower pressure decrease of just about 0.01 MPa.

In the heated area the pressure cells at the walls measure an Immediate increase In
pressure after the beginning of heating. Pressure increase at the roof, however, stants not
until three months after the heaters have been switched on. Since that time all the gauges
al the walls and at the roof record a pronounced rise in pressure indicating the support by
the backiill (Fig. 4.3-2). This observation is corresponding to the data of convergence
measurements where the diift closure rate decreases about three months after the start of
heating as mentioned above.
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Fig. 4.3-2 Backfill pressure in the heated area {section D1}

Unlike the other gauges the pressure celis at the floor first register a minor decrease in
pressure of about 0.025 MPa after the healers have been swiiched on. Pressure increase
at the floor starts not until six menths after the heating has begun.

Since the beginning of 1981 mast pressure gauges record a linear rise in pressure. Some
short drops are due to short heater breakdowns resulting in a thermnal induced relaxation of
stress (Fig. 4.3-2}. The response of the gauges to the interuption of the power output
proves their correct function, While the breakdowns in June 1991 and August 1991 can
hardly be recognized at a few measuring points at the roaf and the walls, the failures In April
1992 and June 1992 cause significant stress changes at most gauges except far the
pressure cells at the fioor. The breakdowns in July 1993 and September 1993 are the first
to be recorded by the gauges at the floor as well.

In May 1894, January 1995 and June 1895 further failures cause distinct drops in pressure

at all pressure cells. The increasing sensitivity of the backfill 1o power failures in the course
of time implies a rising rigidity of the backfill starting from its spper pan.
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About two years after the start of heating the rates of pressure increase are mostly
decreasing. They will change to constant or increasing rates again as soon as drift
convergence creates a significant increase in the rigidity of the backfill.

In the sections B, G1 and D1 a sudden pressure increase In March 1992 is caused by an
overcoring of boreholes required for geophysical measurements in cross section Gt. In the
end of 1994 the previously steady pressure development is disturbed by the change of
thermat power output due to the atready mentioned problems at the heater controt system.

Generaily, the highest vatues of backfill pressure are observed at the roef, curently ranging
between 2.5 MPa to 2.9 MPa in the scuthern drift and 2.2 MPa to 2.25 MPa in the northem
drift {(Fig. 4.3-3). In each cross section the pressure at the walls reaches about 50 % o
80 % of the pressure at the roof. Pressures at the walls amount to about 1.5 MPa to
2.9 MPa in the southem drift and 1.15 MPa to 1.8 MPa in the northern drift (Fig. 4.3-4 and
4.3-5). The values are always a bit higher at the pillar side. The pressures at the ftoor are
ranging between 1.0 MPa to 1.85 MPa in the southem drift and 1.1 MPa to 1.45 MPa in the
narthern drift, corresponding to about 50 % to 65 % of the pressure at the roof (Fig. 4.3-6).

A few pressure cells record lower stress values either caused by an insufficient bond with
the surrounding rock or a damage at the hydraulic pressure lines or due 1o local
inhomogeneitias in the backfili.

Usually, backfill pressures in the northem drift are reaching only about 70 % of the stresses
in the southern drift. In cross section D2, however, the pressures in the northem drift are
about 16 % to 50 % higher than in the southem drift. As described in the previcus chapters,
there are only little differences in the backfill compaction and convergence of the twe drifts.
Obviously, the differing stress values are a result of the varying local rigidity of the backfii.

The difference between the presstire at the bottom and the top of the backfill is caused by
the heater casks which are working as hard inclusions in the less rigic backfill. The forces
are concentrated at the casks what is leading to decreasing pressures in the backdill

towards the drift floor.
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The comparison of measured and calculated backfitt pressures is shown in Fig. 4.3-7 for
section 1 around the centrat heaters and in Fig. 4.3-8 tor section 3 around the heaters on
the extericr /KOR 91/. As the pressure increase at the walls and at the roof starts earlier
than expected, the measured values at these positions are higher in the beginning. The
gauges at the floor, however, record almost the same pressure increase at first as
catcutated. Staning about one and a half year after the beginning of heating, the calcutated
rates of pressure increase exceed the measured rates considerably. After five years of
heating the average backfilt pressure is significantly lower than predicted. The difference is
a result both of the differing drift convergence and the backfil description in modet
calculations as a compressible liquid with a homogeneous isctropic behavicur /KOR 91/,

Actually, after five years of healing the average backfill pressure at the roof of about
2.4 MPa has reached 20 % of the initiat verticat stress, which has been estimated at about
12 MPa in the test field /SNE 94/
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4 3
= '

Backfill pressure [ MPa]
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Fig. 4.3-7 Comparisen of calculated and measured backfil pressure in the heated area
(section 1 compared with sectien B)
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Fig. 4.3-8 Comparison of catculated and measured backfill pressure in the heated area
(section 3 compared with section D1}

4.3.2 Rock Pressure

The initial state of stress in the test field has been detemined by means of the overcoring
method and by the measurement of stress release in slot cutting tests carried out by the
BGR /SNE 84/. From these measuremenis an initial vertical stress of approximately 12 MPa
is estimated /SNE 94/. Accordingly, the vertical stress in the test field is considerably lower
than the expected rock pressure of about 18 MPa due to the overburden, The difference is
caused by the mining activities in the sait mine above the test fieid,

For a determination of thermally induced stress changes due to heating seven stress
monitoring units have been installed in vertical boreholes int cross section B. Five boreholes
have been drilled from the observation drifts on the 750 m level. Twa of them are located
above the test drifts with a fength of 45 m each. The other ones are extending 50 m into the
piffar between the test drifls. With the gauges in these borehcles the effects of the
excavation of the test drifts on the 800 m level are already recorded. Two additional
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boreholes with a length of 4 m each have been drilled below each test drift to measure the
stress changes beneath the heated drifts.

The stress monitoring units are installed at a distance of 1.8 m to 3 m above the roof of
each test diift and 0.8 m to 2 m above the level of the drift floor in the pillar. The devices
below the test drifts are located in 2.2 m to 3.4 m beneath the drift floor.

Each stress monitoring unit is consisting of seven hydraulic pressure cells which are of the
same Gldtzi type used for the determination of the backfill pressure /SNE 93/. The gauges
are installed with a varying orientation to record stress changes in all directions.
Measurements are taken vertically, honzontally parallel, normmal and at an angle of 45° to
the drift axis as well as subhorizontally (45° inclined) parallel and normat to the drift axis
/SNE 93/.

After the installation of the stress monitoring units the boreholes have been refilled by
special concreles with a similar behaviour as the surrounding rock salt. Twe of the
monitoring units are embedded in Halliburton expanding cement, the other ones in saltcrete
/SNE 83/,

The inclusion of the stress monitoring units in the host rock is improved by a subsequent
injection of epoxy resin around the pressure celis via injection fines. The Injection in
February 1389 leads to a prestressing of the gauges in the salicrete due to an injection
pressure of 13 MPa to 17 MPa (Fig. 4.3-9 to 4.3-12}. After the injection the pressure
decreases again as the resin shrinks during its hardening. in the Hafiiburton expanding
cemenrt, however, prestressing has not been successful probably due to plugged outlets of
the injection lines.

Rock pressure prior to heating

In March io Aprl 1989 the excavation of the test drifts on the 800 m leve! causes significant
stress changes which are recorded by the measuring devices installed from the cbservation
drifts on the 750 m level. The vertical pressure above the excavated drifts is completely
refieved dropping almost to null as the verical ioads are transmitted to the sides by arch
action (Fig. 4.3-9}. In the pillar between the test drifts, however, the vertical stress increases
considerably (Fig. 4.3-11).
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The stress changes in horzontal direction depend on the measuring direction of the
gauges. Above the excavated drifts the horizontal pressure normat to the drift axis rises
rapidly up to a magnitude of 11 MPa, whereas the horizontal stress parallel to the drift axis
decreases distinctively (Fig. 4.3-8). An opposite behaviour is observed In the pillar, where
the harizontal stress normal 1o the drift axis is reduced considerably due to the free
expansion of the rock, Parallel to the diift axis, however, the pressure in the pillar increases
after the excavation of the test drifts {Fig. 4.3-11).

The measurements in subhorizontal direction reveal similar siress changes as the vertical
stress. Above the excavated drilts the pressure parallel to the drift axis is dropping almost to
null. The subhorizontal pressure normal to the drift axis decreases distinctively as well
(Fig. 4.3-10). In the pillar, however, the subhorizontal stress in both directions increases
considerably (Fig. 4.3-12).

After the redistribution of the stress field due to the excavatiocn activities the stresses
change only slightly until ihe start of heating. The backfilling of the test drifts in the area
around cross section B causes a small increase in rock pressure since June 1390.

The corresponding stress magnitudes can be {aken frem Fig. 4.3-9 10 4.3-12, Steady state
conditions are still not reached when the heating starts in September 1990,

Rock pressure during the heating

immediately after the start of heating most gauges record a significant rise in rock pressure
of 1 MPa up to 5 MPa although the temperatures in the surrounding rock are stil low.
Generally, the elastic stress changes depend upon the respective measuring position.

In the pillar the thermally induced stress changes reach their maximum after two menths
{(Fig. 4.3-11 and 4.3-12). The highest pressure of 13.5 MPa is registered in horizontal
direction parallel to the drift axls. The subhorizontal stress changes are in the same order of
magnitude. The lowest pressure increase is registered harizentally normal to the drift axis.
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Above the test drifts, however, the stress maximum is recorded three to five months after
the heaters have been switched on with a maximum value of 15 MPa in horizontal direction
nomal to the drift axis (Fig. 4.3-9). The subharizontai stress changes are much lower. The
pressure rises stowly after the beginning of heating without a pronounced maximum
(Fig. 4.3-10). The vertical stress above the test drifts is hardly affected by the heating. Only
a minor pressure decrease of approximately 0.1 MPa is registered by the gauges.

The stress monitoring units in the floor beneath the test drifts are operating since July 1880.
The stress changes show a simitar behaviour as above the heated drifts. However, the
elastic pressure increase in horizontal direction is more pronounced reaching up to 7 MPa
(Fig. 4.3-13). About two to three months after the start of heating the maximum stress is
attained. Due o the missing overburden the vertical stress beiow the drift floor approaches
almost nuif. Like above the drifts the vertical stress decreases slightly after the beginning of
heating by approximately 0.1 MPa.
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Fig. 4.3-18 Rock pressure beneath the heated drifts (section B)
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Actually, the magnitude of thermally induced stress sometimes even exceeds the initial
state of stress in the test field. The pressure peaks, however, are only a shor-term effect.
Subsequently, the rock pressiure decreases agai due to relaxation of the induced stress by
creeping of the rock satt. The original state of stress prier to heating is approached again
within two years. In the pillar the original stress values are already reached about half a
year to one year after the beginning of heating. Afterwards some Qauges even record
pressure decreases below the original values. Occasionally, the pressure increases once
agaln during the relaxation phase (Fig. 4.3-11). These pressure peaks, however, are only

temparary phenomena as they are reduced again within a short time.

in the pilfar the vertical and subhorizontal stress as well as the horizontal stress nomat to
the drift axis rise again since June 1992 (Fig. 4.3-11 and 4.3-12). At the same time the
vedical stress beneath the drift floor increases a tittie {Fig. 4.3-13). The reason for this is the
support by the backfill in the heated drifts which takes up an increasing parn of the rock

pressure.

The accelerated deformations around the heated drilts cause an increasing failure of the
pressure gauges what will be dealt with in chapter 4.4.1. Especially the stress monitoring
units beneath the heated drifts which are iocated right below the heater casks are involved
at first. By 1995, almost all monitoring units have failed.

In July 1895, five additional boreholes which have been drilled from the observation drifts on
the 750 m level in section B*' are equipped with stress monitoring units of the same type.
The addittonal gauges are replacing the failed devices in the pillar and above the heated
drifts in cross section B. The monitoring units are embedded in special K-UTEC saltcrete.
Up fo now the gauges record a pressure increase up to 1.5 MPa which is still much lower
than the prevailing stress. A subsequent Injection of epoxy resin will be caried out soon to
improve the inclusion of the stress monitoring units in the host rock.

The results of model calcufations by Korthaus (1992) are summarized in Fig. 4.3-14 and

4.3-15. The development of rock pressure since the excavation of the test drifts is shown
disregarding the smalt pressure increase due to the backfilling of the drifts.
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Above the test drifts the development of the horizontal stress corresponds quite well with
the measurementis even though the magnitudes of stress are different (Fig. 4.3-14 and
4.3-9). The horizontal stress normal to the diift axis differs by about 1 MPa from the
recorded values, the rock pressure parallel to the drift axis by approximately 2 MPa. The
vertical stress, however, is much lower than the calculated pressure of approximately
7.5 MPa. Unlike the calculations, no pressure increase is regisiered in vertical direction after

the beginning of heating.

In the piiar the horizontal stress changes reveal an adequate coincidence as well
(Fig. 4.3-15 and 4.3-11). The magnitude of stress nommal lo the drift axis is about
2 MPa lower than calculated. The horizontal stress parallel fo the drift axis reaches almost
the predicied values at first. Only in the phase of relaxation the difference increases. Again
the vertical pressure is much lower than expected. When the healing staris the pressure stili
increases considerably as the vertical stress has not reached its final state yet (Fig. 4.3-11).
The thermally induced pressure peak is not as pronounced as calculated for the vertical
stress. After a relaxation phase of one and a haif year the verlical stress increases again
approaching the calculated values more and maore,

Generally, the model calculations correspond quite well with the stress measurements with
regard to the development of the stress changes. The differences in the magnitudes of
siress are mainly a result of the constitutive law of rock salt which does not fit well enough.

in summary the heating causes a significant rise in rock pressure. The themally induced
elaslic stress changes, however, are only a shor-term effect. Subsequently, the rock
pressure decreases again to the original state of stress prior to heating due to relaxation of
the induced stress by creeping of the rock salt.

4.4 Reliability of the Measuring Systems
In the TSS test the measuring systems are operating under stanidard repository conditions.

By that the reliability of the installed measuring equipment for the safety monitoring of a salt

repository can be determined,

73



4.4.1 Failure of Gauges

The measuring eguipment in the test field is exposed to extraordinary conditions. Both the
accelerated deformations around the test drifts as well as the high temperatures put a lot of
strain and stress on the gauges and the measuring lines. Conseguently, an increasing
number of measuring points fails since the beginning of heating as the measuring
equipment is damaged. in the following the tailures are dealt with for the different types of
gauges.

Failure of temperature gauges

The temperatures in the test field are recorded by a number of about 750 resistance
thermometers. When heating stars in September 1990, about 2 % of the gauges have
atready faited due to damages during the instaftation or in the preliminary phase.

About one year after the beginning of heating the failure quota of the temperature gatiges
starts to rise gradually up te 6.5 % in the end of 1985 (Fig. 4.4-1). Considering the large
number of thermometers, this quantity is negligible and the measuring programme can be
carried on without any problems,

The tosses are occurring mairly in the heated sections where 82 % of the failures are
observed. In the cold sections only 18 % of the defects are noticed. Closer examinations
reveal that the {roubles in the coid sections are all catsed by damages at the meastting
cables, whereas about 20 % of the fallures int the heated area arise from defects at the
gauges. The damaged thermometers are alt installed next to the heated drifts up to a
distarice of 2.5 m from the drifts where the prevailing high temperatures cause the taiture of
the thermometers. About B0 % of the failures in the heated sections, however, are due o
damages at the measurng lines which are squeezed together leading either to short-
circuited or broken cables.
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Fig. 4.4-1 Failure of temperature gauges

Failure of deformation gauges

The deformations in the test field are determined by specially designed measuring
equipments which are assembled durably to be resistant both against the strain during
backfitting and heating. The design proves to be successiul as up 1o now no damages at the
gauges are detected. The measurng ines, however, are the weak points of the measuring
systems. Especially the muiticore cables are affected by the acceferated deformations
around the test drifts leading to an increasing number of failures.

After the stant of heating the failure quota is quite fow at first (Fig. 4.4-2). Since 1982,
however, the quota increases considerably up to 34 % in 1994, A subdivision into the
different types of gauges reveals only moderate percentages of failures for the drft
convergence gauges and the extensometers in the cold sections (Fig. 4.4-3). The
equipments measuring the backfill seltling are stll operating completely. The major part of
losses is recorded for the extensometers in the heated area with a fatiure guota up o 75 %
in 1994.
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An investigation of the defects caried out by the manufacturer tumns out that almost all
damages are affecting the measuring cables. About 30 % of the failures are caused by
electrolyles inside the measuring lines, By this alt gauges which are conhnected to the same
multicore cable are set out of order one after the other. The majority of about 70 % of the
failures, however, has to be ascribed to the squeezing of the cahles which leads gradually

to short-circuited or broken cores of the multicore cables.

A determinaticn of the fault positions is feasible by means of a reflex analyzer device which
operates by the impulse reflection method. Although the length of the measuring fines has
not been determined precisely after their installation and the temperature increase after the
beginning of heating causes deviations in the impulse reflections, an adequate assessment

of the respective faylt position is possible,

The examinations prove that 55 % of the failures are located in the cable ducts of both test
drifts. Both cable ducts are arranged close to the roof of the drifts teading from cross section
EZ to the exit of gach drift. The damages are restricted to a cerlain area extending from
cross section D1 up to a distance of 10 m to the east {Fig. 2-2). About 28 % of the faults
can be assigned to positions inside the boreholes and 17 % to places in the cable slots in
which the cables are laid between each borehole and the cable duct,

Obvicusly, the design of the multicore cables with diameters up to 16.6 mm is not suited for
the heated area since they are protecied unsufficiently against damages. The thin cables of
the temperature gauges with a diameter of 4.4 mm, however, are less sensitive as they are

presumably able to get out of the way of most of the deformations.

The large fallure quota of extensometers in the heated area up to 1984 impedes the
deformation assessment around the heated drifts considerably. Therefore, a replacement of
the Instrumentation in the heated area is carried out in 1884 by which the failure quota of
extensometers is reduced to 38 % in the warm sections (Fig. 4.4-3). The total quota of failed
deformation gauges decreases to 20 % (Fig. 4.4-2). The stated values are referred to the
total number of gauges respectively which has of course increased after the installation of
the adgitional instrumentation. By these measures the extensometer array in the test field is
completed again as far as a further continuation of the deformation measurng programme

is guaranteed.
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The replacement extensometers are of the same lype as the failed devices. As already
described in chapter 4.2.4 the gauges are Installed in additional boreholes which have been
drilled both in horzontal direction from the observation drifts on the 800 m level and in
vertical direction from the 750 m level. They are replacing the failed extensometers in the
walls and the roof. A substitution both of the gauges in the drift floor and the horizontal
instrumentation in the pifiar is not feasible as these sites are not accessible any more.

Although the deformation measuremenis have been interrupted sometimes for a longer
time, the results of the falled gauges are resumed Immediately by the respective
replacement extensometers proving their correct function {Fig. 4.4-4).
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Fig. 4.4-4 Resumption of deformation measurements after the replacement of faied
extensometer gauges
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Failure of pressure gauges

The Glétzl type hydraulic pressure cells used for the measurements of backfil and rock
pressure are proved to be reliable under severe conditions. Since the beginning of heating
the durability of the hydraulic system under extraordinary temperature conditions is

examined in the test field.

The first pressure cells are operating since 1988, They have been installed as stress
monitoring units from the 750 m tevel as described in chapter 4.3.2, in 1988, about 14 % of
these gauges have already failed (Fig. 4.4-5). After the instrumentation of the measuring
equipment on the BOO m level in 1950, the total failure quota of all pressure gauges

decreases temporarily to 9 %.

After the start of heatling the failure quota increases gradually up to 56 % in 1995
{Fig. 4.4-5). The losses, however, are distributed unequally. While most of the pressure
cells in the stress monitoring units have failed at that time, the failure quota of the gauges
recording the backfill pressure reaches onty 16 % (Fig. 4.4-6).

An investigation of the defects carried out by the manufacturer reveals that mast of the
stress monitoring units fall due to damages at the pressure cells. Only abeut 20 % of the
fallures are caused by defects at the hydrautic measuring lines. A certain classification of
the faults, however, is not possible In any case as the common use of the retum lines by all
gauges of a unit excludes an examination of the pressure cells via the retum #nes.

Obviously, the pressure pads in the boreholes are affected considerably both by the
temperature increase and the accelerated deformations after the beginning of heating. The
monitoring units beneath the heated drifts which are located right below the heater casks

are the most involved,

As already described in chapter 4.3.2 a replacement of the borehole instrumentation is
carried out In 1895 from the observation drifts on the 750 m level, By this the respective
faiture quota is reduced to 43 % referring to the increased number of gauges {Fig. 4.4-8).
The total quota of failed pressure gauges decreases to 39 2 (Fig. 4.4-5). With the
additionat instrementation the stress monitoring programme is almost complete again
aitowing the further observation of stress changes in the rock around the heated drifts.
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Unlike the devices in the boreholes most of the gauges recording the backiill pressure are
still operating. The continuation of the measurements is not affected by the few failures. The
losses are all limited to the heated area. Closer examinations reveal that in contrast to the
stress monitoring units almost all gauges in the backfif fail due to damages at the hydrautic
measuring lines. Just in one case the failure is caused by a defective pressure cet.
Obviously, the position in which the backfill pressure gauges are instalied around the drifts

is less exposed o deformations.

Actually, the falled pressure gauges are all concentrated on a few sites implying that the
damages at the measuring lines are restricted to certain places. The distrbution of the
failures suggests the damages to occur in the cable siots in which the lines are laid between
the measuring gauges and the ceble ducts. The affected areas are located in cross section
B in the northern and the southem par of the cable slots in the northemn and the southem
drift respectively, Another point Is situated in the northem part of the cable slot in cross
section D1 in the northern drift {Fig. 2-2}.

Unlike the stress menitering cevices a fault classification of the backfitt pressure cells is
definitely possible as each gauge is equipped with a separate retum line aflowing an
examination of the defect both via the pressure and the retum lines. Funhemore, the
separate retum line enables a continuation of the measurements of gauges with damaged
pressure lines. These gauges are operated manually using the retum Iine as a pressure
line. The damaged pressure line, however, is not able to take aver the function of the retum
line as it releases the hydraulic medium. Though the hydraulic system is nat closed any

more, imeasurements can still be carried out.

4.4.2 Testing of Measuring Technigues

An impodant objective of the TSS test is to prove both the correct function of the measuring
equipment and the long-term stabllity of the measurements under standard repository

conditions. The testing of the measuring technigues is carmed out by the subcontractor
Deutsche Geselischaft zum Bau und Betrieb von Endlagem fir Abfallstoffe {DBE).
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In each test drift both the cross sections G2 in the heated zone and E17 in the non-heated
area are equipped with test devices (Fig. 2-2). The examinations are carried out by means
of three stationary convergence measuring equipments and six temperature gauges in each
section which are of the same type as the other gauges of the geotechnical investigation
programme /SNE 93/.

The resuits of these additional temperature and convergence measurements correspond to
the respeclive measurements of GRS and are already included in chapter 4.1.1 and 4.2.1.
They are described by DBE in detailed annual reports upon which this chapter is based.

The results of the temperalure measurements by DBE are summardzed in Fig. 4.4-7
revealing the average rates of temperature changes in the heated section 32 and the non-
heated section E1*. In the heated area the rales decrease more and more after the rapid
temperature rise in the beginning of heating. In 1393, the changes are almost null as the
temperatures approach steady stale conditions, The troubles at the heater contol system in
1994 cause distinct temperature changes until steady state conditions are reached again In
1995. In the cold section £17 the temperatures are stilt increasing even though the rates
decrease more and more. The temperature peak before the start of heating in 1920 is
caused by a rearrangement of the data acquisition (Fig. 4.4-7).

The accuracy of the temperalure gauges is given by a maximum deviation of
+ 0.24 °C to £ 0.36 °C regarding the absolute temperatures resulting in deviations of
+ 0,33 °C to = 0.52 °C for the stated temperature changes. Taking these values into
account, almost the same temperature development is observed in both test drifts,

The convergence measurements carmied ou! by DBE are summarized in Fig. 4.4-8. The
average convergence rates are caiculated from the data of each cross section. The rates
are reflecting the temperature development including the deviant behaviour in the heated
area in 1994 due to the faully heater control system. The results have already been
discussed in chapter 4.2.1 especially with regarg to the differences betlween the two test
drifts and the higher vertical convergence rates on the pillar side.

The accuracy of the convergence measurements amounts to + 3.1 mm in the heated area
and to & 1.1 mm in the cold sections implying a maximum deviation of £ 1.9 % and + 2.5 %
raspectively.



Meated section G2

i
e s ar 2 3 e 2 s e 2 3 a3 s a2 3 e

Time
ofp oo

Rate of ternperature changes [K/ 100 d]

Non-heated section E1"

-

b
n

bad
-
Il

S

=
[

-
1

Rate of temperature changes {K /100 d)

Fig. 4.4-7 Average rates of lemperature changes in the heated area {section (G2) and the
non-heated area (section E17)

83



Heated section G2

=
=
=4
-
e
£
£
Bd
2
&
&
o
)
> .
e
]

© |

]

W T T, T T T T 4

250 1 4 18 2 03 4180 2003 4 1M1 20 0% 4 1M 201 3 A5 2 3 495 I

Time |

@DBE'

1

l_ ]

=
=
[=]
—
)
E
E
2
g
@
L3 H
& i
-] !
& |
£ i
8 I
!
B e e —
600} 41 2 ) & 142 203 4 1My 203 & uste 2003 4145 2 Y 4mS
Time
[iEl-mg':._T;;j E1-18 | @ DBE

Fig. 4.4-8 Average convergence rates in the heated area (section G2) and the non-heated
area (section E17)

84



After five years of heating most of the 24 temperature gauges of DBE are still operating
without any problems. Two of the gauges have failed due to damages at the measuring
cables. The cabile of ancther gauge has heen damaged but could be repaired successiully.
The 12 convergence measuring equipments of DBE have been afiected by only one failure
up to now. This defect is caused by a damaged measuring cable as well what has already
been discussed in chapter 4.4.1.

The heating of the measuring equipments in the test dnifts up o a maximum temperature of
106 °C neither has an impact on their corrgct function nor on the fong-term stability of the
reasuring data up to now. The data acquisition system fits the requirements as well. With
the exceplion of the measuring cabies which ought to have been protecied better against
damages, the designed measuring equipment proves to be successful.

5 in-situ Determination of the Backfill Compaction

To determine the compaction of the backfill material it is necessary tc measure its density
and porosity and their change in time. The aim is to estimate the time when the backfill is in

a mechanical state comparable to the host rock.

51  Gravimetry

Usually, porosity Is determined indirectly by measuring the backfill density of samples. All
these methods depend on boreholes and samples. Their advantage is their accuracy and
prompiness but their results are strictly valid only for a small area. Morgover, sampling
withou! disturbing is very difficult, Because of these disadvantages a method is required
which allows an estimation of these parameters without disturbing the systern. Gne non-
destrictive method for this purpose is gravimetry. This method allows an estimation of the
mean bulk density of the rock from the knowledge of the disturbing body's geometry and its
effect on gravity,
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Estimations of the expected effect have shown that a normal field gravimeter does not have
the required accuracy. Devices with a higher accuracy are used stationary in observations
of the earth tides. Superconducting gravimeters have an extraordinary low drift compared to
other gravimeters. In the last stage of the project it was shown that it is not possible to get
results with the required accuracy from a mobile gravimeter. For this reason it was tried to
measure and quantify the backfill compaction by measuring its effect on gravity from a fixed
station,

A special advantage of the superconducting gravimeter is its compensation system which
has no mass. A magnetic fieid is used to hold the sensor in a fixed position. This magnetic
field is very constant over long times because the whole system is superconducting and the
electric losses are extremely low. This leads to an extremely low drift and te a high accuracy

compared to other gravimeters, Liquid hetium is used for the necessary cooling.

The well known dip dependence of all gravimeters is compensated by two dip control

devices.

After it was shown that the superconducting gravimeter can not be used for maobile
measuremnents it was used as a stationary observatory in this stage of the project. it was
tried to prove the compaction of the backfill and the rise of the sait dome, For this the drift of
the gravimeter has to be known very well and a correction has to be carried out. Because
these effects are very small the correction is very demanding and takes a lot of time. These

investigations were done by the institute for Geophysics of the TU Clausthal.

The tong and aperiodic drift is of extracrdinary importance because it possibly contains not
only instrumental effects but alse small changes in gravity according to changes in the rock
density. To determine the diift the different physical signals have to be analyzed or
computed. These are especially:

» the earth tide signal
+ the air pressure correction

» the polar mation,

As one result of this work a correction for the air pressure effect could be estimated. An
exact correction of its impact on the gravity recordings is not possible at this time. Several

groups are working on this problem woridwide.
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The determined drift (Fig. 5-1) shows an exponential decay at the beginning of the
recordings which is typicat for most gravimeters of this type. This is due to the gravimeters
construction and negiigible for later times. The longperiodic drift Is approximately 13uGal/a
which is very small. For a determination of the sait dome rising the gravity gradient at the

observation logation is required in addition,

For the determination of the gravity gradient at the obsesvation location measurements with
two gravimeters were taken by the Institute for Geophysics of the TU Clausthal. At four
different points around the superconducting gravimeter the changes in gravity between two
different levels were measured. The determined gradient 1s 210.94 pGal/m. With this
gradient the recordings of the superconducling gravimeter can be refated to changes in
height and compared with a geodetic survey nearby.

Fig. 5-1 shows the separated long term variation of the gravimeter and the nearby
measured vertical motion of the saltdome. From this diagram it is clear that the reat long
term drift of the gravimeter is 48 pGal in three years. Because this drift ts higher at the
beginning of the recordings than at the end this superconducting gravimeter is cleady
superior to other gravimeters, On the other hand even this srall drift is not sufficient to
moniter changes in the backfill density. Therefore the superconducting gravimeter is not

suitabte for this purpose.
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Fig. 5-1 Long-term drift of the superconducting gravimeter
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5.2 Radiometry

The density determination with radiometric y-y-horehole devices is successfully apptied in
wordwide measurements. ## works by placing a source of y-radiation in the borehole and
counting the scattered radiation at different distances from the source. The counted rate of
y-impulses depends on the density of the electrons in the surrounding matexial which for
natural rocks is approximately proporional to the bulk density. As the rate of y-impulses is
counted at different distances frem the source the bulk density at different distances from
the barehole can be estimated.

For the observation and monitoring of backfill compaction the knowledge of the absolute
density is important. The required calibration of the density probes is a problem which is
solved only in approximation by measurements in calibration areas where the density is well
known and in the same order as in the backfilt material.

For the in-situ measurements of the backfil density with a y-y-borehole probe the same
Lorsholes as in the former stage of the project were used /SNE 93/. The boreholes are
extending from the 750 m level into the test drifts on the 800 m level. They are 52 m long
and 56 mm in diameter. Because of the failure of the casing In the heated area in late 1991
the original plastic casing had to be replaced by a new steef casing.

In total six boreholes (yy18 - vy23} wete drilled. The borehales yyi8 and yy13 are passing
through the northern test drift in the non-heated sections E1 and E2 respectively. The
borehales yy21 and yy22 are passing through the heated section G1 in the southem and
northem drift respectively. The boreholes yy20 and yy23 serve tor an additional check of the
surrounding rock salt. Because of logistic problems the borehole yy20 was not part of the
measuring program in the last years.

In the sections passing through the test drfts the boreholes in the non-heated area
(yy18 and vy19) are cased with a carbon enhanced plastic casing. Since these casings
could not stand the pressure of the rock in the heated area of the boreholes yy21 and vy22,
they were reptaced by steel casings over the whote length of the bareholes in March 1992,
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Because of the required high accuracy of the absolute denslty values the calibration of the
y-y-probes is a problem. By means of calibration bodies with a bulk density comparable to
the expected densities in the backfill it was tried to deterrnine the impact of the different
casings on the counted rate. According to informations of the contractor BPB Instruments
Ltd. & Co. GmbH, in spite of all efforts the accuracy of the absolute values is much less

than one of the relative values.

The measurements were carried out by BPB Instruments Ltd. & Go. GmbH. The scattered
y-radiation was measured at different distances from the source ("short" and "long" spacing)
with a non-directed (DD2} and a directed (DD3) borehole device. The directed
measurements ailow to estimate the impact of the casings roughness on the counted rate,
tn this case, however, the required corrections couid be neglected.

The values were digitally recorded on disks in the international LAS-format. This allows an
online check and an easy application ¢f PC-based programs for the further presentation
and interpretation. The spacing between two records is 0.81 m. The resolution of the

density values is 1 kg/m?’,

During this stage of the project (1993 - 1995) six measurements in approximately half year

intervals were carried out.

Non-heated area

The measurements in the non-heated area are carried out in the boreholes yy18 and yy19.
As an example the recorded density values {short and long spacing) and the calibre fogs
are shown in Fig. 5-2. The values for berehole yy19 are simifar. The intact rock salt above
the test drifts shows a density of approximately 2000 kg/m’ which is slightly lower than the
real density of 2200 kg/m®. This deviation is caused by the calibration procedure. Because
the probes are calibrated in boreholes with casings the measurements in the uncased part
of the borehole yy18 give results which are too fow. In the small area above and below the
test drift where the casing reaches into the intact rock the probes show the correct density
value of 2200 kg/m’.
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Fig. 5-2 Density variation in the non-heated area {section £1)

At the top of the test diift the density drops to 1200 kg/m’. This very low density could be
caused by a lcosened zone around the casing. Then the density increases shamly to over
1500 kg/m°. Towards the bottom the density decreases again to values between 1200 kg/m?
and 1300 kg/m®, This general frend of an increasing density towards the roof is caused by
the sfinger technigue which was used for the backfilling of the test drifts. Because the
coarser grain fraction was fafling faster than the fine grains the grade of sorting is high cn
the bottorn of the drifts and decreases towards the tep. The porosity and therefore the
density depend con the grade of sorting. A high grade of serting implies a high peresity and a
low density. Therefore the increasing density values towards the top are caused by the
decreasing grade of sorting.

Over the years the curves do not change very much but all values increase sfightly in time
die to the compaction of the backfilt. With the density of rock salt {p,, = 2160 kg/m®} It is
possible to estimate the refated porosity © = 1- p_/ p,,, where @ s the porosity of the
backfill, p,_ the measured density and p,, the density of rock salt.
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In Fig. 5-4 the measured compaction and the related porosity in the backfill are shown for
the non-heated and the heated area. Compared with the results of the geotechnical
estimations of porosity these values are lower. This could be due to the already mentioned
difficult calibration procedure of the y-y-probes. Anather reason is that the geoctechnicat
estimations compute & total porosity over the whole drift. The density values from the
y-y-measurements, however, are only representative for a small area around the casing
{about 1 - 2 dm) and this area could be disturbed e.qg. by the drilling process.

Heated area

The measurements in the heated area are carried out in the borehoies y21 and yy22. In
Fig. 5-3 the resuits of the shont spacing density logs are shown for the different
measurements. As the original plastic ¢asings were replaced by continuous steel casings in
March 1992 the calibration steps at the top and botiomn of the drifts are missing. In spite of
the same c¢asing the curves from the boreholes show a very different character. The overall
characteristics of the curves do not change very much in time but are shifted towards higher
densities due ta the compaction of the backfill.

The fogs of borehole yy21 do not show the low density at the top of the drift which is
characteristic for a loosened area. This favours the assumpfion that the gap at the root is
been closed soon after the start of heating. But similar to the boreholes in the cold area the
density decreases towards the bottom of the drift which is again explained by the separation
of the backfill during its emplacement in the test drifts.

Compared to the boreholes in the cold area the increase of the density in time 1s much
faster (Fig. 5-4}. The average densily increases from approximately 1400 kg/m® in May 1993
te approximately 1520 kg/m® in December 1994, The rate of this increase is nearly constant
and at the moment there is no hint of an asymptotic approaching of the final density.

In contrast to borehole yy21 the logs of borehole vy22 in the heated area show a completely
different characteristic {Fig. 5-3). The curves show an increasing density towards the bottom
of the drift. This trend, however, is caused by numerous local extreme values. Before the
replacement of the plastic casing the logs of this borehole were the same as in borehole
21, During the replacement of the casings the pressurized air which was used as a

flushing agent had a large impact on the surrounding area.
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The trend to higher densities with time is the same as in borehole yy21 and much more
proncunced than in the boreholes in the cold area.

The y-y-method was successiully applied for the density determination in the backfill
material. The required calibration of the probes for the determination of absolute density
vajues and the quanitification of the influence of the casing is a problem which is only partly
solved by calibration bodies,

The results show clearly that with the siinger technigue used for the backfiling of the test
drifts the aimed high density is not achieved. This technique produces a separation of the
different grain fractions which implies a heterogeneous spatial density distribution being

conserved during compaction.

The rate of compaction in all areas is lower than expected. A steady stale with densities
comparable to the intact rock is not predictable even after five years of heating.

53 Sonic Measuraments

An important parameter for the petrophysica! characterization of the backfill is the porosity.
This parameter can only be determined by measurements of the grain and bulk density. A
parameter which is sensitive for changes in density is the acoustic velocity. This effect is
used in standard to estimate porosity with borehole probes. A pilot test on crushed salt
under pressure confirmed the relation between density / porosity and acoustic velocity and
showed that small changes in density could be observed /SNE 93/. After the successful
completion of these pilot tests the achieved experiences were used to design an in-situ
experiment for recording the spreading of the acoustic wave field in the backfill and for
relating the different resulis to the change in density. Because of the fow temperature
resistance of the equipment the experiment was only lfeasible in the cold area. As it Is seen
from the tv-measurements in this area the compaction rate and therefore the change in
density is very low. Morgover only compressional waves could be recorded because a
suitable source of shear waves was not available.

According fo the high grade of loosening of the backfill the attenuation of seismic waves
above 10 kHz is very high. Since signais with high frequency are necessary for the exact

determination of small time intenvals this attenuation limits the expressiveness of the results.
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For the determination of the velocity of compressicnal waves five experiment sites were
designed. Each site cofnsists of a piezoglectic source which radiates a short acoustic
impulse and a piezoelectric receiver which converts the impinging waves {o efectric signals
which are amplified and digitatty recorded, The distance between sotirce and recelver is
200 mm. Both components are mounted on a metal frame. For the acoustic isolation of the
plezos a layer of plastic is placed between the piezos and the frame. The required cables
for the source and the receiver are placed in pipes running through the backli! and are
connected with the source generator and the transtent recorger for each measurement.

The acoustic source is a piezoelectric crystal which is excited with its resonance freguency.
This frequency is about 33 kHz. The excitation with the resonance frequency Iis
advantageous because of the higher release of acoustic energy. The attenuation of the
vibration is achieved by sending an acjustable double impulse. The signat generator is self
designed and is specially adjusted to the used piezoelectric crystal,

For the receivers commercial accelerometers of Piezotrenics (PCUB) (type: 308B02) are
used. Their resonance frequency is between 2§ kHz and 31 kHz, They are equipped with
an intemal amplifier. Up to approximately 10 kHz the output voltage is propertionat to the
acceleration. Above 10 kHz up to the resonance freguency the sensitivity increases more
than propontionat with frequency. For protection against the rising backfill pressure the
receivers are coated by steel. The electrical output is amplified again extemally and stored

with the input signal on a digital transient recorder.

The used recorder is a signal-memory-recorder with four channels. This device stores the
signals digitally in CPM-format on disks. The maximum sampling frequency is 454 kHz
which means a maximum accuracy in time of 2.2.10"s. The travel time can be determined

directly on the screen.

Each of the experiment sites consists of the metal frame on which the source and receiver
are mounted. Overall five sites in different levels in the backfill were constructed. The first
location is ©.35 m above the drift floor. The four other sites follow in 0.7¢ m distance in
helght each.
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In the actual stage of the project six measuraments were conducted. Because of the loose
backfill and the implied high attenuation of the compressionat waves most of the energy
travelied along the metal frame in spite of several protective measures as plastic isolation of
source and receiver from the frame. For this reason no measurement of the travel time with
the required accuracy could be obtained. However, the change in the properties of the
backfill material could at least be monitored according to the change of the received signat
In the frequency domain. With progress in time the received amplitudes ingreased and the
frequency characteristic was shifted towards lower values. This demonstrates the
compaction of the backfill. it was also tried to quantily these results by detining a relative
quality factor but it failed because of the poor quality of the signals.

The dependence of the transfer function of acoustic waves on the rock porosity is well
known and was successfully demonstrated for the backfill material in a pilot test. But the
high porosity of the backfill material even afler five years of compaction causes many
experimental probiems. This leads to the conclusion that with the current configuration of
the experiment only qualitative statements concerning the state of the backfill compaction

can be made.

6 Gas Release in the Backdfill

6.1 Concentration of the Gas Components

The StaBfunt Halite of the Zechstein Series s mainly composed of halite. Additionally, it
contains minar and trace minerals, such as polyhalite, anhydrite, kieserile, clay, carbonates
and bitumen. Geochemical analysis of rock salt samples taken from the backfill of the test
field indicate that the major components are halite (92.7 to 96.3 wi%} and anhydrite (4.0 to
7.0 wi%:). Gases and brines are trapped in inclusions so called "negative crystal” cavities
within the crystal or adsorbed to the crystal boundaries.

As a result of the drift mining or the borehole drilling as well as by elevated temperatures or
gamma radiation due to the disposed radicactive waste, the equilibrium in the salt dome is
disturbed leading to the release of volatile components and the decomposition of thermally

or radiolytically unstable minerais.
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One of the principal purposes of the demonstration test is the determination of gas
generation and release from the backfil as a result of thermal desorption, thermal
decomposition and corrosion of the casks. For that purpose 24 glass filters are attached to
the surface of the casks and to the roof of the difts covering areas with different
temperatures. In the northem drift four additional glass filters are installed at the floor next to
the central cask. The gas samples are taken from measuring points in the sections A, B and
G of the test drifts {Fig. 2.2). From each glass filter a teflon tube is leading to a valve at the
entrance of the drifts,

Gas sampling started already on September 4°, 1990. Sampling from the pore volume of
the backfill is done by a membrane pump which is connected to the corresponding valve of
the teflon tube at the entrance of the drifts. About 400 ml of gas are coltected into a special
gas bag.

The geochemical analysis ¢ perdommed in an underground [aboratory using gas
chromatography with specific columns and detectors like flame ionization detector, themal
conductivity detector and flame photometric detector, respectively. In the gas
chromatograph the concentration of the components hydrocarbons C to C4, CO;' CO, HqS,

SOQ, HCI and H2 is determined.

Within the first nine months gases were sampled each week. Subsequently the intervals
were prolonged to one and to three months. Parallel to gas sampling, the water content in
the pare volume is determined by connecling a moisture analyzer o the valves of the teflon
tubes and by pumping ten liters of gas through the apparatus within a period of ten minutes.
Additionally 1o the gas from the pore volume of the backfill, the mine air at the entrance of
the test diifts has been analyzed. its composition is:

. 002 between 300 and 800 wvpm
. CH‘ between C and 5 vpm
+ other hydrocarbons  |ess than 5 vpm
= CO less than 5 vpm
. HQS less than detection limit of 0.1 vpm
. 802 less than detection limit of 01  wvpm
a HCI less than detection limit of 1 vpm
« H tess than detection limit of 1 vpm

@
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The great vanation of the concentration in CO2 and CH‘ is caused by the mine vertilation,

the traffic and the mining activities.

The Fig. 6-1 to 6-28 show the valies of H?, CH‘ and CO? versus time at the bottom (1),

midpiane (2) and the top (3) of the central cask as well as at the roof of the drift {4) in the
sections A, B and C of the southemn and northem drift, respectively.

The nomenclature for the gas measuring points in the corresponding position Is (Fig. 6-1
o 6-28):

« Position {x/yz) with
- X representing the drift A or B
-y indicating the section A, B, C {Fig. 2-2)
-z giving the position of the measuring point in the cross
section at the bottom (1), midplane {2) and the top (3)
of the cask and at the roof of the drift (4).

The remaining measuring poinis (B / 11 to B / 14) are lecated at the drift floor right in front of
the outer cask In section 11 of the northem drift.

Prior to heating the congentration of the major gas components in the pore volume at the
measuring points B/B1to B/ B4 is:

. Hg inthe range of 28 to 44 vpm
. CH‘ in the range of 4 vpm

+ CO, Intherangeot 35 to 75 wvpm

Assuming that the pore volume of the backfiii was initially filled with mine air these results
indicate that Hs is already generated at the ambient temperature of approximately 36 °C by

corrosion or chemical intesaction. The concentration of CO in the gas phase is considerably

lower than in the mine air. The reason for that is the capability of the crushed salt tc adsorb
CO, at its surface.
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After starting heating on September 25, 1990 the backfill temperature gradually rises to
200 °C within about three months. The concentration of the sampled gases increases
subsequently during the next three to six months:

. Hﬂ up fo 550 vpm
. CH' upto 40 vpm
. CO2 upto 3000 wvpm

These results indicate that comrosion is accelerated by the rising temperatures feading to an
enhanced hydrogen concentration. The carbon dioxide originally adsorbed at ambient
temperatures is desorbed at elevated temperatures. More carbon dioxide is generaled by
the oxidation of hydrocarbons or the release from the crystal lattice. Methane is desorbed
from the surface of the backiill and from the crystal lattice as well as it is generated by the
thermal decomposition of higher hydrocarbons.

The results of Fig. 6-1 1o 6-28 shaw a varying concentration of the components in the range
of 20 % within a comparafively shon time. This fluctuation correlates directly with the air
pressure changes at the entrance of the backfiled drifts which varies in the range of
50 mbar caused by changes in the mine ventilation several times a day and by the variation
of the atmospheric pressure.

Bue to the high porosity and permeabifity of the backfill, the concentration of the generated
and released gases is constantly diluted.

After about one year of heating, the congentration of hydrogen, methane and carbon
dioxide in lhe pore volume of the backfill decreases indicating that the gas production is
lower than the escaping amount of gases.

In March 1992 the pore volume of the backfill in diift A and B is flushed with mine air due to
an overcoring of boreholes required for geophysical measurements in cross section Gi
{Fig. 2-2). Subiseqguently the concentration of all components decreases. The measuring
points at the roof are the first which record increasing concentrations again.

Some of the measuring points in drift A fail prematurely probably due to recrystallizations at
the surface of the glass filters resulting in an obstruction of the sampling point.
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Fig. 6-1 Content of carbon dioxide, hydrogen and methane versus time at measuring
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Fig. 6-21 Content of carbon dioxide, hydrogen and methane versus time at measuring
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The gas measurements had t¢ be stopped due to financlal cuts by the end of 1852, They
were resumed in August 1894 with the support of the European Community.

The measurements in November 1994 indicate a drastic drop in concentration of the
componeants CO2 and CH‘. Further measurements are required in order tc assess that

behaviour.

in addition te the gases the humidity in the pore volume is determined. Pricr to heating the
values range between 15 to 20 g/m’. After three months of heating it increases up to
50 g/im’, For the following three months water condenses inside the teflon tube implying that
humidity is not measurable any more. Later on the humidity increases to an amount farger

than the saturation humidity of 50 g/m’® at 40 °C.

Buring laboratory investigations with the crushed salt used for backfilling, hydrochloric acid
is released by heating above 80 °C. However, no hydrochloric acid is found in the test fielg.
in the backfitt all hydrochloric acid is reacting with the steet casks by generating hydrogen.

6.2 Determination of the Air Pressure

The gas concentration in the pore volume of the backfll correfates with the air pressture in
the access drift of the lest field. The air pressure is influenced by long term variations of
about 50 mbar as a resuit of the meteorologic air pressure outside the mine and by the
ventiiation of the mine of about 10 mbar severai times a day.

As the backfill in the drifts has a high porosity and permeability these pressure variations
run through the backiit pumping out the gases in the pore volume with each pressure
decrease. This permanent ditution may be calculated if the permeability and the variation of

the afr pressure is known.

The permeability can be calcutated when the time delay of the pressure impulse running
through the backfited drift is known. For determining the total pressire varation and the
time detay of the impulse within the backfll, barocgraphs have been installed both in the
access drift in front of the backfill and inside a petforated casing of a borehole running from
the 750 m level into the backfifl on the 800 m fevel. The distance between both meastring
points is about 70 m, Belween these points a gas flow can take place via the pore volume
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of the backifill as well as via the bypass which is caused by the cable duct near the roof of
the drift. The long term variation of the air pressure in the access drift as a result of the
meteorology is between 1064 and 1104 mbar that means a total of 40 mbar (result of six
independent measurements). The variation by switching the ming ventilation on or off is 7 to
8 mbar two to three times a day.

The measurements of the pressure in the access drift and in different areas of the backill!
via the gas sampling filter indicate no measurable time delay of the pressure impulse by
switching the mine ventilation on and off. That means that the total permeability of the
backfilled duft including the bypass of the cable duct is comparatively high, The gases
withinn the pore volume which are generated and relgased by corrosion and elevated
temperature are pumped out by each pressure decrease without any impedimert. By every
10 mbar pressure decrease and increase about one percent of the alr inside the backfill is
extracted and renewed again by mine gir.

To estimate the total amount of gas release since the beginning of heating in September
1990, the variation of the total air pressure in the access driift has to be compiled what will
be done in the future.

6.3 Determination of the Diffusivity

Beside the migration as a resuit of the pressure gradient gases are also spreading due to
the concentration gradient called diffusivity. For estimating the total amount of gas release
out of the backfilled drift this parameter is also of importance.

For detenmining the diffusivity the teflon tubes and glass filters which are normally used for
taking gas samples are appiied. The tracer gas necn has been pumped via one of the teflon
tubes and its glass filter into the backfill. By taking gas samples from the other sampling
points at different times and analysing the content of neon with a gas chromatograph the
spreading of the tracer gas within the pore volume of the backfill has been determined.

The resuit of a first estimation at measuring point B / C3 with a spherical modet is that the
gas diffusivity within the pore volume of the backfil is in the range of 1.4 . 10° m7s to

4-10°m’/s.
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In the future further injection tests with the relevant gases and the calgulation with a
geometrical model of the test field have to he made in order to get more accurate values of
the diffusivity.

6.4 Determination of the Total Water Content

The corrosion of the steel casks and the generation of hydrogen is a direct result of the
water content within the pore volume of the backfill. This water is released from the crystal
surfaces and the hydrated minor minerals within the rock salt.

Prior to heating the water conient is In the range of 20 guma air, As a result of the elevated
temperature and the dehydration of the rock salt the humidity increases te values greater
than 50 g water per m " air and water condenses inside the tefion tubes running from the gas
sampling filters to the access drift.

After about one year no further condensation is been seen but neverheless it is not
possible to determine the humidity with electronic devices. Another technique using a
cooling trap was already tested in other test flelds. This technique does not set an upper
limit to determine the humidity and turthermore enables a chemical analysis of the collected
water to be made. By this means informaticns can be obtained on the values of pH and
gases fike HCI, H,S and CO, which may be soluted in the water.

Several measurements by which about 1 m® air from the vicinity of the heated steel casks in
the backfill is pumped via the glass filters and the teflon tube intc the cooling trap indicate a
water content of 20 to 25 gin 1 m" air. The vaiue of pH (number that describes the degree
of acidity or akalinity} is 3.42.

By chemical analysis the following ions are determined in the water:

¢ Na' (detected by ICP-OES) 128.6 mg /{ = 5.58 mmol / |
¢« Na' (detected by ICP-MS) 1245 mg/ | =5.42 mmol /|
» CI ({detected by IC) 165.5 mg /1= 4.69 mmol / |

Obviously there is an excess of sodium which has to be attributed to the presence of other

minerais than NaCl in the rock sait.
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Measurements of the air in the access drfts indicate a humidity in the range between
5 and 6 g water per m® air. As the drifts are ventilaled their humidity is directly influenced by
the metecrology outside of the mine.

7 Data Acquisition and Data Processing

In the TSS test different measurements are registrated on-line by the data acquisition
system. This system involves the foliowing tasks:

= Data acquisition in the \est field

= Data conversion intc 2 standard format and data transfer both to archive and
evaluation computer

= Monitering of the test from above ground

s Archiving of the data

= Data processing for documentation and evaluation purposes

A synoptic view of the whole system is given in Fig. 7-1.

7.1 Data Acquisition

The data acquisition in the TSS test is carried out by a number of four local front end
processors which are operating independently. The measurements both around the test
drifts on the 800 m level and from the observation drfts on the 750 m level are
registrated by \wo units respectively. While one of these units is recording the electrical
readings on each level, the other one is required for the hydraulic measurements.

GSSE front end processor (FEP) on the 800 m level

A GSSE front end processor {FEP) is used for the registration: of the electrical devices on
the 800 m level. At the moment the following gauges are connected to the unit:
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» B60 temperature gauges (resistance thermometers of the PT100 type in four wire
technique) and additionally 20 precision resistances for system control

* 152 deformation gauges {electric transducers of the potentiometer type in five wire
technique} and additionally 18 precision resistances for system control

The FEP is able to carry out both the registration of the readings and their temporary
storage as well as the identification and the signaliing of faults.

The FEP is a modular designed Siemens SMP bus system with 12 bit AD converler, 8088
processor and 256 k main memory. At the input side the FEP iIs equipped with various
interfaces for electric transducers which are isoiated galvanically. The temporary data
storage is realized by ring buffers via zero-power BAMs with a bulfering time of
approximately ten days. Mechanical memaories like hard disks or lape drives are not
existing.

The extemnal communication is taking place via a RS-232C terminal and a protocol printer.
The data transmission for further data processing is carried out via another RS-232C port
and is supportied by the DIN 68348 protocol. Digital outputs are avallable for fault
messages.

The FEP is operated by an EPROM resident sottware without additional operafing system.
The individual electric transducers as well as the fault messages are directly accessible via
the termminal by a menu system. Additionally, modifications of various parameters like
transducer status, scan intervals, conversion functions or alarm limits arg possible.

Glitzl front end processor (MFA) on the 800 m level
The measurements of the hydraulic pressure gauges on the 800 m level are registrated by
an automnatic Gidtzl data acquisition unit {(MFA}, Furthermore, the MFA records both the

power output and the status values of the heaters as well as the electrical measurements of
the DBE test devices. The following gauges are connected to the unit:
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« 86 hydraulic pressure gauges {Gidtzl type hydraulic pressure cells) and additionally
5 hydraulic checkpoints for system control

« 27 electropneumatic pressure gauges (AWID type electropneumalic pressure cells) and
additionally 2 pneumatic checkpaints for system control

= 12 deformation gauges (electric transducers of the potentiometer type in five wire
technique} and additionally 8 precision resistances for system control

= 24 temperature gauges (resistance thermometers of the PT100 type in tour wire
technique) and additionalty 6 precision resistances for system control

112 electric transducers of the heater control system

The MFA is aperating stand-alone as well and is specially designed for a registration both of
hydraulic and pneumatic signals. The unit is equipped with a 12 bit AD converter with V25
micro-controfier and buffered RAMs. The buffering time for readings amounis to
appreximately seven days. Like the GSSE FEP the acquisition program is supplied by an
EPROM fimware,

The MFA operation is supported by a keyboard panel and a LC display. A communication
via PC is also provided. The data output is taking place via a thermal printer and a RS-232C
interface. Additionaily, a tape deck is available for an automatic back-up of the readings.
Digital ports are used for the output of fault messages.

The MFA firmware includes all functions of a GSSE FEP but also provides numerous
extended utilities fike the implementation of hydraulic or pneumatic measurements.

GSSE front end processor (FEP) on the 750 m ievel

Another GSSE front end processor (FEP) is used for the registration of the electrical
devices on the 750 m level. Currently, the following gauges are connected to the unit:
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» 63 temperature gauges {resistance thermometers of the PT100 type in four wire
technique) and additionaily 0 precision resistances for system conirol

» 22 deformation gauges (electric transducers of the potentiometer type in five wire
technigue)

The FEP is of the same type as on the 800 m level but operates with a down-sized
hardware.
Glotzl front end processor (MFA) on the 750 m level
Like on the 800 m level an automatic GIdtzl data acquisition unit (MFA) is recording the
measurements of the hydraulic pressure gauges on the 750 m level. The unit is operated in
co-operation with BGR and registers additionally a number of eiectrical measurements of
BGR. The following gauges are connected to the unit:
» 35 hydraulic pressure gauges (Glitzl type hydraulic pressure cells), respectively

40 gauges after the replacement of the instrurmentation in 1995 and additionally

5 hydraulic checkpoints for system control

» 80 hydraulic pressure gauges of BGR (Glitzl type hydraulic pressure cells) and
additionally 4 hydraulic checkpoinis for system control

s 4 temperature gauges of BGR (resistance thermometers of the PT100 type in four wire
technique)

7.2  Data Processing

DIN2GLA-PC

A central PG {(DIN2GLA-PC) is installed on the 800 m level which receives all data of the

FEPs and MFAs both on the 750 m level and the 800 m level via RS-232C intedfaces. The
data are converted into a standardized temporary format (“"GLA-Lesespeicherformat”).
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The data conversion is necessary as all FEP data are transferred via a DIN 66348
transmission protocol. The data files are stored on hard disk. For safety reasons the files on
this PC are saved temporarily for several months. Once a week the data of the DINZGLA-
PC are transferred by disks to the archiving and evatuation computer in Braunschweig.

The DIN2GLA-PC is operating since March 1994. The system is replacing the former
ERMEDA and VEMEDA program on a VAX computer which was shut down due to a system
change.

Alarm system

A simple alarm systemn is registrating different fault messages in the test field. It is based on
a two wire transmission system in free topology with decentralized arbitration. The coded
tault messages are transmitted above ground where they are shown on a display and

recorded as a print-out.

Al the moment the following 13 fault messages are registrated:

s 750 m leveth: - Main power failure in the data acquisition container
- Temperature control in the data acquisition container
- MFA fault
- FEP fault
» 800 m level: - Main power failure in the data acquisition container of GRS

- Main power failure in the data acquisiticn container of BGR

- Temperature control in the data acquisition container of GRS

- Temperature control in the data acquisition container of BGR

- MFA fault of the GRS unit

- MFA fault of the BGR unit

- FEP fault

- Failure of the compressed air supply for the AWID type
pressure gauges

- Fault at the heater control system
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Data archiving and data protection

In Braunschwelg the data from the Asse DINZGLA-PC are transferred by disks to another
PC into the archiving and evaluation program Giétzi GLA. The archiving of the data is
carried out by a local TGP/IP network on a hard disk of the central file server SUN 1000. In
this way an access to the data can be restricted by passwoerds and file attributes. The hard
disk is saved regularly on DAT-tapes or MO-disks.

Alt data are archived in a standardized format. Thereby a structuring in data groups is
carried out combining measurements of the same kind respectively. In each data group the
readings of different channels are saved in separate filas. A set of readings comprises the

following parameters:

« Channel number
» Sampling time
+ Physical value

+ Status vaiue

Additionally, general administrative informations are existing like channel name, measuring
paint, physfcal unit or remarks.

Data evaluation

The data evaluation is carried cut by the Glétz! GLA program. The hard disk of the file
server is directly accessible via the network, For evaluation and presentation purposes
several numerical and graphical outpuis are available on screen or printer. Further
mathematica! and special functicns like the compensation of readings or the sefting of
different flags are provided as well,
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7.3  Data Protection
Precautions have been taken both against the loss of data and an unauthorized access.

As the data acquisition is distributed among several front end processors {decentralization),
the failure of a single unil causes only a partial less of data. Each fault message is signalled
promptly by the alarm system enabling an immediate reaction to the failure. All front end
systems are designed for elevated temperatures to improve their reliability.

in case of a failure of the central DIN2GLA-PC all front end processors are able to save
their readings temperarnly over more than a week without a loss of data.

Main power drops and spikes are compensated by an uninterruptable power supply unit
both for the front end processors and the DIN2GLA-PC. Furthermore, the power supply is
also monitored by the alarm system.

All data acquisition systems in the test field are housed in envircnmentally sealed cases
inside of closed and air-conditioned containers. The temperature in these containers is
controlled by the alarm system.

For the protection of the archived data on the server hard disk all utilities of a multi-user and
multitasking operating system against an unauthorized access are available.

In case of an archiving failure the correct status of the archive can be restored easlily due to

the tong-term buffering time of the DiN2GLA-PC and a reqularly carried out backup of the
SUN file server archive.
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8 Conclusions

The phase of heating of the TSS demonstration test started in September 1990 and
continued over more than five years up to now.

A maximum temperature of approximately 210 °C at the surface of the heater casks is
reached after five months. Since the themmal conductivity of the backfill increases with its
compaction the temperature at the surface of the casks decreases subsequently, reaching
between 165 °C and 175 °C at the momenit.

The temperature distribution in the heated area of the test drifts depends on the distance of
the measuring position from the heaters. Temperatures in the warm backfill range up to
135 °C approaching quasi steady state conditions after three years of heating. With
increasing distance trom the heaters a steady state has not been reached yet.

The rock temperatures in the area next to the heated drifts and all over the heated pitlar
approach quasi steady state conditions after five years of heating. Farther away the rock
temperatures are slill increasing as well as the rock temperatures in the ¢old sections.

By the TSS test a large number of temperature data are available now for the validation of
thermomechanical models. Measured lemperatures in the test drifts fit quite well with
theoretical calculations.

Gradual closure of the drifts causes an increasing compaction of the backfill. This process is
accelerated considerably by heating. Convergence rates in the heated area rise by a factor
of ten immediately afier the start of heating. Three months later the rates are already
decreasing indicating the beginning support by the backfili. Current rates are still twice as
much as prior to heating.

As a result of drift closure the initial backfill porosity of about 35 % has been reduced to
26.5 % !0 28 % in the heated area after five years of heating.

The measured drift convergences are considerably lower than calculated. Accordingly, the
porosity of the backfill is decreasing slower than predicted.
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The settling of the backfilt dus to gravity leads to the opening of a gap between the roof and
the top of the backfill. in the heated area the acceleration of drift closure almost immediately
induces the closing of the gap within a few weeks.

Backfill compaction starts not untit the gap at the roof is closed. During the first months
mainty the upper part of the heated backfill is compacted. Subsequently increasing portions
of the lower part are involved. After two years of heating the vertical distribution is
approximately balanced with hardly any change up to now.

The rock deformations around the test drifts are accelerated significantly by heating. The
closer the measuring points are located to the heater casks the eardier the deformations
start. Next to the heated drifts the deformations are accelerated by a factor of ten to twenty.
After two to three months the deformation rates are decreasing again indicating the
heginning support by the backfill. Uniike the deformations next to the heated drifts which are
continuously decreasing since that time, the rates of the distant extensometers as weil as
the deformation rates in the non-heated secticns are stitt constant.

Backfitt pressure in the heated area starts to rise immediately after the beginning of heating.
The pressure increases continucusly reaching a maximum of 2.9 MPa at the roof after five
years of heating. Currently, the average backfill pressure at the roof has reached 18 % to
20 % of the initial vertical stress, which has been estimated {0 about 12 MPa in the test
field.

The rock pressure in the healed area rises significantly after the start of heating by up to
7 MPa. The thermally induced elastic stress changes, however, are onty a short-term effect.
Subsequently, the rock pressure decreases again to the orginal state of stress prior to
heating due 1o relaxation of the induced siress by creeping of the rock salt.

Though the measuring equipment in the test field is exposed to extraordinary conditions,
the designed measuring systems prove 1o be successful. However, the measuring fines
ought to have been protected betler against damages.

The backfill compaction is determined by different in-situ measurements.

A superconducting gravimeter proves to be not suited to monitor changes in the backfill
density, as even its extraordinary low drift is not sufficient for this purpose.



The density determination with radiometric y-y-borahole devices is successiully applied. in
the non-heated area the backfili density increases from 1200 - 1300 kg/m’® at the bottom of
the backfill to over 1500 kg/m’towards the top. This trend is caused by the slinger technique
used for the backiiling which produces a separation of different grain fractions. The
heterogeneous density distribution is being conserved during compacticn. In the heated
area the average density increases from 1400 kg/m® in the beginning to approximately
1549 kg/m”® at the moment.

The backfill compaction Is monitored by sonic measurements as well. These measurements
are only feasible in the non-heated area because of the low temperature resistance of the
equipment. Due to the high porosity of the cold backfill even after five years of compaction
only qualitative estimations are possible.

Gas samples are taken from the backfill both in the northem and the southem drift and
analyzed by gas chromatography in the underground laboratory. Already at the ambient
temperature of approximately 36 °C on the 800 m level hydrogen, methane and carbon
dioxide are detected in the backfill in concentrations of 28 to 44 vpm, <4 vpm and 35 to
75 vpm respectively.

Significant gas release starts immediately after the heaters are switched on. Within six
months the concentration of the major gas components hydrogen, methane and carbon
dioxide increases up to 550 vpm, 40 vpm and 3000 vpm respectively.

As the backfill is comparatively porous and permeable, the congentration of the released
gases is constantly diluted by pressure changes due to variations in the mine ventilation
and long-term changes in the atmospheric pressure. The concentration of hydrogen and
carbon dioxide in the backfill decreases gradually implying that a larger amount of the gases
is escaping than is generated and released.

in order to determine the total amount of gas generated, one of the test drifts will be sealed
gastight at is entrance. Preliminary works are &lready done to seal the entrance using an
appropriate polyethylene foil allowing an air pressure compensation in the pore volume of
the backfill and the access drift.

First resuits of diffusivity measurements using a spherical model indicate a gas diffusivity

within the pore volume of the backfill in the range of 1.4 - 10" msto4- 10" m7s.
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A water content of 20 to 25 g in 1 m’ air from the pore volume of the backfill Is determined
by using a liquid nitrogen cooling trap.

The in situ measurements will be continued in the next years to study the further
thermomechanical reactions of backfill and surrounding rock salt to the heat input. For the
necessary validation of thermal and thermomechanical models a more representative
degree of backfill compaction is necessary to allow a reliabie extrapolation of the
measurements over a longer pericd of time.
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