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Foreword

Research has been carried out since 1979 on the Gorleben salt dome, located in the rural
district of Lichow-Dannenberg in Lower Saxony, to investigate its suitability as a geologic
repository for radioactive waste. The investigation programme consists of geological,
mining engineering, and geotechnical exploration from the surface and underground, as
well as analysing and evaluating all of the aspects necessary to competently assess its
suitability and long-term safety. The Gorleben site was investigated in detail for a period of
more than 20 years to understand the internal structure of the salt dome, the overburden
and the adjoining rock. First results of this exploration were published in interim reports in
1983, 1990 and 1995. The findings published in these reports substantiated the potential
suitability of the salt dome as a geologic repository for radioactive waste.

The investigation work at the Gorleben site was suspended as a consequence of the
agreement reached on 14 June 2000 between the German government and the power
supply industry. This moratorium applied for a period of at least three years, but a maximum
of ten years. Nevertheless the German government issued a statement on Gorleben which
confirmed that the previous findings from its investigation did not contradict the site’s
potential suitability.

It is now possible after the termination of the surface exploration programme, and for the
purpose of documenting the results of the extensive underground exploration, to present
the findings of the geoscientific investigations of the Gorleben site in an overall report.
The first part presents the hydrogeology of the overburden. The second part presents the
results of the geological and structural geological exploration of the overburden and the
adjoining rock, and the third part covers the results of the exploration of the salt dome
itself. These findings are supplemented in the present fourth part by the description of
the geotechnical investigations.

This compilation of data, and the presentation of the technical evaluation of the geo-
scientific exploration results serve both to document the investigations and to bring more
objectivity into the contentious public and political debate concerning the Gorleben site.
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(Volkmar Brauer)

- Repository Project Manager -
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Abstract

This report describes and presents the results of the geotechnical investigations, carried out
as part of the underground exploration programme up to the beginning of the moratorium
on 1 October 2000.

Parameters to characterise the rock mass and the site were determined by the geo-
technical investigations in the form of in-situ measurements and laboratory tests. The
data determined form reference data sets for the description of the thermal, mechanical
and hydraulic rock properties, which are used to elaborate conceptual models and to
conduct model calculations. They are the input parameters for model calculations and
are used to draw inferences on the stability of the underground workings, and to assess
the integrity of the salt barrier, as well as the long-term safety of a geologic repository in
the salt formation. Although the exploration of the salt dome has not yet been completed,
the investigations overall allow the conclusion that none of the geoscientific findings
contradict the suitability of the Gorleben salt dome for the construction and operation of
a geologic repository.
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1 Introduction

The Federal Institute for Geosciences and Natural Resources (BGR), as the German
government’s central authority for geoscientific issues, works on the geoscientific aspects
of the exploration of the Gorleben site as part of the repository measures of the Fe-
deral Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) and
the Federal Office for Radiation Protection (BfS). All of the investigation findings resul-
ting from the surface and underground geological exploration activities are evaluated by
BGR, presented in reports and diagrams, and used for model calculations. The results
of the exploration and the safety analysis form the basis for the site assessment and the
evaluation of the integrity of the salt barrier, as well as the subsequent approval procedures
conducted pursuant to the Atomic Energy Act.

In accordance with the agreement reached between the German government and the
energy companies on 14 June 2000, work on the Gorleben site was suspended and
underground exploration was temporarily put on hold in October 2000. Only part of the
planned geotechnical investigations had been carried out by this time. This involved
in-situ tests to determine the rock stresses and the load-deformation behaviour of the
evaporite in the area around the shafts. When the moratorium began, the investiga-
tions on the temperature field in the salt dome and as the mechanical and hydraulic
in-situ tests, had to be suspended, as well as the laboratory tests for geomechanical
characterisation. In addition, no model calculations have been carried out since 2000.
The only activities that continued during the moratorium were seismological monitoring,
and deformation and long-term stress measurements within the underground workings
— pursued to ensure that a continuous collection exists. Part of the investigation results
achieved so far must therefore be seen as preliminary against this background. A final
report on the exploration results can only be issued when all the exploration activities
have been completed. Nevertheless, the findings presented in this report provide key
information for the geotechnical characterisation of the salt dome.

The investigations carried out so far as part of the underground exploration of the
Gorleben salt dome were continuously presented in numerous technical and ongoing
reports published by BGR, and summarised in detailed final reports at the beginning of
the moratorium in October 2000. The reports were handed over to BfS as the authority
on whose behalf the investigations were carried out. Because these reports only deal
with partial aspects of the underground investigation programme exploring the Gorleben
salt dome, this report brings together the current status of the geotechnical exploration
work, with the results achieved to date by the in-situ geomechanical, geophysical and
mine surveying measurements, as well as the supplementary laboratory tests and model
calculations carried out in parallel to the exploration activities.
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The results of the hydrogeological exploration in the overburden above the Gorleben salt
dome were reported in KLinge et al. (2007). KoTHE et al. (2007) presented the geology
of the overburden and the adjoining rock of the Gorleben salt dome. The results of the
surface and underground geological exploration of the evaporite are reported in BORNEMANN
et al. (2008).

2 Geotechnical investigations at Gorleben

The Gorleben salt dome was proposed by the state government of Lower Saxony in 1977
as a possible location for a geologic repository mine for radioactive waste. This prompted
the German government to initiate investigations to examine the suitability of the site for
the storage of radioactive waste. The aim of these investigations is to verify the safety
of the structure, and the operation of the geologic repository, as well as to confirm its
long-term safety. This involved the development and implementation of a wide-ranging
geotechnical exploration programme at the Gorleben site which was interrupted when
the moratorium started.

The geotechnical investigation programme was jointly elaborated by BGR and BfS, and
agreed with the Deutsche Gesellschaft zum Bau und Betrieb von Endlagern fir Abfallstoffe
(DBE — German Company for the Construction and Operation of Waste Repositories)
(Hunp et al. 1991). The criteria defined for the investigation programme specified the
following aspects according to Stier-FRIEDLAND et al. (1997):

= The geoscientific data required for the site-specific safety analysis.

= Satisfying the requirements for seamless documentation of the geoscientific con-
ditions around the site.

. The necessary geoscientific information needed for the detailed mining engineering
planning of the underground workings.

To assess the suitability of the Gorleben salt dome as a geologic repository for radioactive
waste, and to satisfy the aforementioned criteria, continuous and wide-ranging collection
and documentation of the conditions and loads of the rock mass are required. The de-
termination and provision of site-specific parameters and information are also necessary
(HANSEL & Preuss 1991 and EiLers & Preuss 1997).

This was the background against which comprehensive laboratory tests and in-situ mea-
surements were conducted for the thermal, mechanical and hydraulic characterisation
of the rock mass as part of the geotechnical exploration programme. The results of
these investigations are also an important basis for the model calculations carried out
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for the necessary site-specific safety analyses looking at the operational phase and the
post-operational phase. In addition, the long-term measurements combined with the
simulation results are important aspects for monitoring the stability of the underground
workings during the exploration phase and during operations. All of the investigation
results, combined with the geological findings, form the basis for assessing the suitability
of the Gorleben salt dome as a geologic repository for radioactive waste, as well as for
planning a geologic repository mine and for implementing the planning approval procedure
(STiErR-FRIEDLAND €t al. 1997).

To achieve these exploration objectives, the investigation programme includes the follow-
ing geotechnical investigations (EiLers & Preuss 1997):

= Geophysical investigations:

= Assessing the earthquake hazard at the Gorleben site by undertaking seis-
mological measurements.

= Determining the natural temperature field within the salt dome and changes
to the temperature field during the exploration phase and the operational
phase.

. Geomechanical/geotechnical in-situ investigations:

= Determining the primary stress state of the rock mass and the changes over
time arising from the mining activities and thermal load.

= Determining the deformation of the rock mass over time caused by the mi-
ning activities and thermal load.

. Hydraulic characterisation of the salt dome and determining liquid and gas
reservoirs.

= Geomechanical laboratory investigations:

= Determining the thermo-mechanical properties and the material parameters
of the encountered rocks, and developing a material model for the realistic
description of the thermo-mechanical rock mass behaviour.

Because the geotechnical investigations only enable very localised analysis and assess-
ment of the properties of the rock mass, the determined rock mass parameters have to
be extrapolated over large parts of the underground rock mass. Zones in the rock mass
with similar properties are therefore grouped together as homogenous zones (EiLErRs &

Preuss 1997).
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3 Description of the investigation area

The Gorleben salt dome is located in the Luchow-Dannenberg district of Lower Saxony
close to the border between Lower Saxony, Mecklenburg-Western Pomerania, Branden-
burg and Saxony-Anhalt. The salt dome has a north-east/south-west alignment and is
approximately 14 km long and at its maximum 4 km wide. The structure continues to
the north-east of the Elbe river in the form of the Rambow salt dome where it extends in
narrower form for another 16 km. Top salt is around 250 m below ground level, and the

base Zechstein is at a depth of between 3200 m and 3400 m.

The huge majority of the sediments in the Gorleben salt dome consist of Zechstein
Series rock salt, with minor amounts of anhydrite, claystone and carnallite. Homogenous,
continuous halite zones are primarily found within the StalRfurt-Folge (z2). This salt con-
sists on average of around 95 % halite and 5 % anhydrite. The Leine and Aller-Folge (z3,
z4), however, are characterised by more frequent changes in lithology (JariTz 1993). The
stratigraphic sequence exposed in the underground workings extends from Hauptsalz
beds in the Stalfurt-Folge (z2HS) to the Anhydritmittelsalz of the Leine-Folge (z3AM).
Table 3.1 summarises the stratigraphic sequence exposed in the underground workings.
A detailed description of the geology and tectonics of the exposed rocks is found in

BorNEMANN et al. (2003) and BorNEMANN et al. (2008).

The Hauptsalz of the Stalfurt-Folge (z2HS) forms the core of a central upright main
anticline within the salt dome. The younger sequences in the Leine-Folge (z3) and the
Aller-Folge (z4) are primarily found in the peripheral zones of the salt dome. They are also
frequently found in the core of the salt dome in narrow deep-reaching synclines, and are
overlain in part by the Hauptsalz in the overhangs. The gas exploration well “Gorleben
Z17 (1957) drilled in the north-western salt dome flank also penetrated basal, flat-bedded
Zechstein rocks from the Werra-Folge (z1) and lower Stal3furt-Folge (z2). These rocks
are not found in the salt dome. Appendices1 and 2 show the 840 m level and a geological
section between the two shafts.
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Table 3.1: Simplified stratigraphic table of the Zechstein beds around the underground
workings in Gorleben, showing the average thicknesses

Area Division Group Formation Thickness [m] Symbol
o Anhydritmittelsalz £
*3 o @ Buntes Salz : : : E
%g = Bank-/Bandersalz i : {23BK/BD |
- ! : )
© 2 Orangesalz : : a
't 0 e o
= c Liniensalz ©
o Basissalz : :
N Hauptanhydrit i i 40 bis 80
Leine-Karbonat : i £
S
boundary Zechstein2 /| Zechstein3 v
Gebanderter Deckanhydrit : 2
N Q
c Decksteinsalz =
o Kalifléz StaRfurt
2 Kieseritische Ubergangsschichten
$ Hangendsalz : : &
N : ' :
5 Hauptsalz : i 700 bis 800 2
v ' ; ' o
S Kristallbrockensalz: i z2HS3 ;
02 Legend I anhydrite - : : A
o< et Streifensalz H i z2HS2 o
% - [ seieton : : 2
w roc Knduelsalz : : z2HS1 =
- potash - carbonate : :

Underground exploration began with the start of the work to sink the shafts Gorleben 1
and Gorleben 2. Once the shafts had both been sunk, work then began on connecting the
shafts via the main drift at the 840 m level. Breakthrough to join up the two drifts happened
on 21 October 1996. The infrastructure rooms were then excavated close to the shafts:
these consisted of workshops, operations rooms and store rooms. The underground
workings for transport and mine ventilation were excavated at several levels. Exploration
area 1 (EB1) was then drifted in the north-west of the infrastructure area and is bounded
in a west-east direction by cross-cut 1 West and cross-cut 1 East, as well as in the north-
south direction by the northern cross-measure drift and the main drift. Figure 3.1 shows
the status of the underground workings excavated in the exploration mine (source: DBE).
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4 Seismological evaluation of the Gorleben site

The earthquake activity in northern Germany is very low compared to seismically active
regions such as the Upper Rhine Graben or the Lower Rhine Embayment. Nevertheless,
in the last 1200 years a few earthquakes with maximum intensities (12-grade classification
of the severity of earthquake ground shaking on the basis of observed effects) of VI (minor
damage) have been observed here (Leypecker 2007). Within a radius of about 50 km from
the Gorleben site, a macroseismically observed earthquake is known to have occurred
in the Altmark in 1680 and is classified as intensity IV — V. These earthquakes underline
that rare neotectonic events occur in this region.

Prior to setting up the Gorleben seismometer network, the absence of sensitive local seis-
mometer stations meant that no small magnitude (instrumentally determined logarithmic
scale of the seismic energy of an earthquake, “Richter scale”) earthquakes could be
recorded in the past. The Gorleben seismometer network was set up to monitor local
earthquake activity, to identify potential tectonic displacements arising from faulting, and
to identify tectonic elements which could potentially jeopardise the stability of the planned
geologic repository or weaken its isolation from the biosphere.

4.1 Gorleben seismometer network

The network of seismometer stations around the Gorleben salt dome was developed and
installed between 1981 and 1985. Continuous operations began in early 1986 (HENGER
et al. 1988). The network consisted originally of six borehole seismometer stations: the
three-component station (GOR 1) located in the centre of the network is surrounded by
vertical seismometers (GOR 2 to GOR 6) arranged in a pentagon shape with a diameter of
approx. 20 km (cf. Figure 4.1). The GOR 4 station was removed in 2003 (Kaiser et al. 2004).

The seismometers of the Gorleben seismometer network were installed at a depth
of 300 m below ground level in steel-cased boreholes. Dedicated lines transmit the
seismometer data to the data centre in Trebel near Gorleben where they are examined
automatically to identify seismic events. Identified events are stored in digital form. The
proper functioning of the network is monitored by BGR in Hanover where the data are
retrieved daily automatically and analysed interactively on-screen.
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Figure 4.1: Seismometer station network around Gorleben and the epicentres of the seismic

events (excluding blasting events) recorded and localised by this station network
within a radius of approx. 50 km from the Gorleben site.

Sources: Deep faults to 7 km depth (June et al. 2002); salt structures NW Germany
(BaLbscHunN et al. 1996), with additions/corrections by BGR; gas field: State
Authority for Mining, Energy and Geology, Hanover, and Gaz de France Produktion
Exploration Deutschland GmbH.
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Because the seismometers are located 300 m below the surface, the seismograms show
both direct seismic waves and those reflected from the ground surface (total travel time
approx. 0.31 s). This interference has an effect on the amplitudes as well as the fre-
quencies of the seismograms. This effect on the signals is tolerable because installing
the seismometers at a significant depth below the ground surface reduces ground noise
so considerably compared to surface locations that even micro-earthquakes of very small

magnitude can be detected.

4.2 Results of the seismometer measurements

Continuous seismic monitoring of the Gorleben area began in February 1986. In addition
to teleseismic and regional earthquakes, a large number of local seismic events have
been detected since then. Most of these events are associated with blasting, primarily in
Brandenburg, Lower Saxony and Saxony-Anhalt. The earthquakes recorded and localised
up to the end of 2007 by the Gorleben seismometer network in a radius of approx. 100 km
are listed in Table 4.1 and shown in Figure 4.1 (Kaiser & ScHLoTE 2008).

The strongest earthquake within a radius of 100 km took place at a distance of approx.
65 km with its epicentre near Zarrentin on 19/05/2000. This was a tectonic earthquake

with a focal depth of 17 km and a magnitude of ML = 3.4 (GRUNTHAL et al. 2007).

The minor number of earthquakes observed so far within a radius of approx. 50 km
from the Gorleben site are concentrated in the area to the west of Salzwedel (Saxony-
Anhalt). The strongest earthquake with a magnitude of ML = 2.6 took place on 21/12/1984.
The magnitudes of the other quakes were between ML = 0.0 and ML = 2.1. All of the
epicentres are located within a gas field from which large volumes of natural gas were
being produced, and are concentrated in the Salzwedel-Peckensen part of the gas field
(Figure 4.1). The gas production volumes were reduced considerably in the period after
German reunification, leading to a decline in the already fairly minor earthquake activity.
It can therefore be concluded that all of the earthquakes observed in this area to date
were induced by the gas production activity.

Not a single earthquake was detected in the immediate vicinity of the Gorleben salt dome
over the whole monitoring period (December 1984, February 1986 to December 2007).

The detection threshold around the seismometer network is approx. ML = 0.5.

In combination with the historical findings, the results of the seismic monitoring of the Gor-
leben salt dome indicate that the selected site lies in a seismically quiet area. “Seismically
quiet” in the monitored area not only refers to stronger earthquakes with macroseismic
effects, but also microseismic activity.
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Table 4.1:

Earthquakes within a radius of approx. 100 km from the Gorleben site
detected by the Gorleben seismometer network

Coordinates in degrees
Latitude | Longitude | Origin time | Mag Dist
Date Location N E GMT ML in km
21/12/84 SW Salzwedel 52.835 11.018 00:33:45.5 2.6 32
09/03/86 SW Salzwedel 52.815 10.988 20:52:26.7 0.9 29
26/03/88 SW Salzwedel 52.806 11.059 07:13:25.7 14 27
28/04/88 SW Salzwedel 52.784 10.979 01:37:07.3 14 32
25/07/88 NW Salzwedel 52.912 11.009 00:26:10.3 1.6 22
02/03/89 SW Salzwedel 52.793 10.907 00:47:17.9 1.0 35
21/09/89 SW Salzwedel 52.802 10.994 20:19:01.7 1.3 30
13/11/90 SW Salzwedel 52.809 11.003 02:25:37.2 1.1 29
05/10/91 | WNW Salzwedel 52.869 11.072 19:07:00.9 14 21
03/06/92 SW Salzwedel 52.808 10.987 13:00:35.3 1.0 30
28/07/92 SW Salzwedel 52.800 11.048 15:37:21.7 1.1 28
28/07/92 W Salzwedel 52.854 10.934 16:56:30.0 1.5 29
26/10/92 NW Salzwedel 52.905 11.092 21:00:03.7 1.7 17
11/12/92 E Klotze 52.633 11.308 16:40:26.8 1.8 40
21/07/93 W Salzwedel 52.857 10.997 04:22:37.8 2.1 26
22/07/93 SW Salzwedel 52.800 10.939 03:12:35.1 1.9 33
21/10/93 W Salzwedel 52.863 11.036 01:26:58.8 1.0 23
02/11/93 W Salzwedel 52.889 10.967 17:13:16.8 0.9 26
18/03/94 W Salzwedel 52.835 11.078 00:24:13.7 0.6 22
04/05/94 SW Salzwedel 52.700 10.892 05:41:05.7 1.3 43
16/07/95 W Salzwedel 52.838 10.939 16:51:12.0 1.4 30
20/01/97 W Salzwedel 52.796 10.958 06:01:55.0 1.3 32
18/03/99 SW Salzwedel 52.863 11.060 01:48:50.4 2.0 23
Zarrentin SW
19/05/00 ) 53.540 10.970 19:22:41.5 3.4 65
Schwerin
Wistedt SW
10/12/00 52.820 10.993 17:37:13.4 1.1 28
Salzwedel
4.5 km ENE
13/05/01 52.876 11.230 06:02:48.5 0.6 14
Salzwedel
5.5 km NE
05/06/01 53.125 11.883 03:10:21.8 1.0 41
Perleberg
06/02/03 Dangenstorf 52.917 11.236 03:40:41.2 | -0.2 10
4.5 km ENE
11/02/03 52.877 11.230 05:43:29.2 0.0 14
Salzwedel
03/07/04 | 4.3 km SE Trebel 52.962 11.351 19:53:15.9 04 4

ML = local magnitude (logarithmic scale for the seismic energy of an earthquake, Richter scale)
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From a seismological point of view at least, this means that there are no indications of any
recent fault displacements close to the salt dome. Tectonic movements which could have
the potential to jeopardise the stability of the exploration mine, or even the occurrence of
faulting processes which could extend directly into the exploration area, have not been
identified on the basis of the measurement results. Together with the detailed information
on the geological-tectonic development, this further verifies the positive conclusions on

the long-term safety of the site from a seismological point of view.

5 Temperature field in the exploration area

Determining the original unaffected rock mass temperature field within Exploration area
1 is important for the characterisation of the whole salt dome with regard to its suitability
as a geologic repository for radioactive waste. The natural temperature field refers to
the natural geothermal state existing in the area of investigation prior to the start of all
investigation and mining work, and therefore acts as the reference field for all of the
subsequent temporal and spatial changes in temperature caused by the construction and
operation of the underground workings. The temperature measurement methods and the
results are presented in detail in GrRissemaNN & Czora (2003).

5.1 Salt dome geothermy

The natural geothermal field in the salt dome is determined by the terrestrial heat flow
rising up from below, as well as the thermal conductivity properties and the structure of
the geological layers. Because the thermal conductivities of evaporites are approximately
twice as high as in the surrounding sedimentary horizons, heat rising towards the earth’s
surface is concentrated in evaporites. Therefore the heat flow densities in the centre of the
salt dome, as well as in the overlying overburden, are much higher than in the adjoining
rock.

Geothermal modelling by DeLisLe (1980) represents the first findings on the temperature
field in the Gorleben salt dome. The selected parameters are based on standard and
empirical values for salt domes and evaporites. The results of this modelling were verified
by temperature measurements undertaken in deep boreholes which penetrated the salt
dome as part of the preliminary geoscientific exploration (KorieTz 1983, ALBRECHT et al.
1991), and by high-resolution underground temperature measurements recorded in the

geological exploration boreholes drilled at EB1 (GrissemANN & Czora 2003).

Figure 5.1 shows the calculated typical thermal flow lines (dashed) and the orthogonally
aligned isotherms in a schematic cross section of the Gorleben salt dome (DeLisLe 1980).
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Figure 5.1:  Geothermal field in the Gorleben salt dome based on a 2D modelling (DeuisLe 1980)

The isotherms, which run uniformly parallel to the ground surface a large distance away
from the salt dome, dip down in the root zone of the salt dome. The opposite occurs in the
uppermost parts of the salt dome, and in the overburden in particular, where the isotherms
arch upwards. The asymmetry of the salt dome flanks is reflected in the asymmetry of the
temperature field, whereby in the central area the isotherms dip gently from north-west

to south-east.

The modelling indicates that a temperature of approx. 38 °C could be expected at the
exploration level (840 m below ground level) the temperature at this depth in the salt dome
is thus around 5 °C higher than calculated using the average continental geothermal

gradient of around 3 K per 100 m (cf. Chapter 5.3).

Natural vertical heat flow in the central part of the salt dome as predicted by the modelling
is approx. 110 mW/m? to 120 mW/m?2, i.e. around twice as high as the regional average

value of approx. 50 mW/m? to 60 mW/m? (HANEL 1998).

Sinking the shafts and drifting the underground workings in the exploration area, as well
as the associated intense ventilation of the drifts, initially resulted in the rapid cooling
down of the rock mass in the perimeters of the drifts, and the development of a cool
halo around each drift, which extended within a few years to several tens of metres into
the adjoining rock (KappeLMEYER & HANEL 1974). The temperatures recorded during geo-
technical investigations directly on the drift perimeters or in shallow boreholes drilled from
the drifts are therefore generally much lower than the original rock temperature and vary
temporally as well as spatially (cf. Chapter 6.3). This distortion of the natural temperature
field means that these temperature measurements cannot be used as a reference level
for the evaluation of past and future temperature changes. This can only be done with
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the temperatures extrapolated from the measured values. The following describes how
the initial temperature field is determined from the measured temperatures.

5.2 Thermo-physical laboratory investigations

Laboratory investigations to determine the petrophysical and rock-mechanical properties
are an important part of rock characterisation. This analysis was carried out alongside
the in-situ investigations on rock samples from representative locations as part of the
exploration work at the Gorleben site. The material parameters determined in this way
were used to interpret the geophysical and rock-mechanical measurements, and are an
important factor in the thermal characterisation of the salt dome (GrissemanN & Czora 2003).

They also provide the input parameters for model calculations.

The investigations were carried out over the whole period of the underground exploration
of the Gorleben salt dome so far from 1996 to 2000 and were summarised in EISENBURGER &
GRisseMaNN (2003). Tests were carried out on over 150 salt samples in total, and the analysis
was carried out in laboratories at BGR as well as external laboratories, sometimes using
different methods and processes - this was done to avoid any technical measurement
and methodological errors.

The thermo-physical laboratory tests revealed that the analysed salt rocks only have
very low porosities. The measured values for the Gorleben samples were between 0 %

and 1.6 %.

The thermal conductivities were determined for a range of temperature and pressure
conditions. Temperatures between 0 °C and 200 °C, and pressures between 0 MPa and
20 MPa were selected for the tests. Measurements revealed that the thermal conductivity
of halite decreases with rising temperatures. At 20 °C it is approx. 5.5 W/(m-K) but only
approx. 3.5 W/(m-K) at 200 °C. Conversely, the thermal conductivity rises with increasing
pressures. By approx. 5 MPa, microfractures heal up —these microfractures are probably
not formation-specific, but artefacts of the mechanical processing of the samples. The
only exceptions were a few carnallitite samples which showed only very low thermal
conductivities.

The thermal expansion coefficient was determined dynamically at a heating rate of
5 K/min over a temperature range from approx. 20 °C to 290 °C. The linear thermal
expansion coefficient was calculated from the axial deformation of cylindrical specimens
due to temperature changes. The average linear thermal expansion coefficient
in halite is a = 3.7-10°% K'. The lowest value was a = 3.5-10°% K. and the highest
a = 3.9-10° K. The measured values deviate slightly from the standard values which
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indicate an average linear expansion coefficient of a = 4.0-10% K' for temperatures of
20 °C to 100 °C. The difference is attributed to natural material inhomogeneities in the
specimens. The carnallitic samples have a linear expansion coefficient of a = 3.3-10° K

at temperatures of 20 °C to 100 °C.

Because the specimens expand when heated, a differentiation is made between the specific
thermal capacity under constant volume ¢, and under constant pressure C, In the case of
solid bodies, c,=¢, is assumed because of the very low differences. This parameter has to
be taken into consideration when describing transient temperature-dependent processes,
i.e. processes which change over time. The specific thermal capacity investigations were
carried out at a temperature range between room temperature and 250 °C. An average
between ¢ = 0.85 kJ/(kg-K) and c,=0.90 kJ/(kg-K) was measured for the investigated

halite samples within this temperature range, with an average temperature dependency of

c, = 0,847 kJ/(kg-K) + 0,000274-T(°C) (5.1)

This result matches the standard figures given in the literature.

5.3 In-situ temperature field measurements

The high-resolution borehole temperature measurements were carried out with an ex-
plosion-proof measurement system (Figure 5.2). The measurement accuracy depends
largely on the equalisation times of the temperature sensors to the ambient medium, as
well as any temperature differences between the medium filling the borehole (air or salt
mud), and the borehole perimeter. Brine-filled boreholes are more suitable in principle
than dry boreholes for determining temperatures. Additional correction calculations have
to be carried out for air-filled boreholes.

5.3.1 Temperature measurement locations

Temperature measurements were carried out in shaft exploratory boreholes Go 5001
and Go 5002, as well as in the deep borehole Go 1003. For safety reasons, and also for
operational reasons, high-resolution geothermal borehole measurements in the under-
ground workings could only be carried out in a few exploration boreholes (Figure 5.3).
This reduction in the density of geothermally usable measurement points — particularly in
the infrastructure area between the shafts, as well as along the north-west flank — must
be taken into consideration when looking at the spatial temperature distribution calculated
by interpolation and extrapolation.
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Figure 5.2: Temperature measuring apparatus in an ex-proof housing
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5.3.2 Measured changes in temperature

5.3.2.1 Deep boreholes

Figure 5.4 shows the complete temperature profile of shaft exploratory borehole Go 5001.
This is supplemented in Table 5.1 by a few temperature values determined in the 3 deep
boreholes at depths above and below the exploration level. In addition, Table 5.1 also
shows the geothermal gradients and the heat flow densities derived from the temperature
measurements and based on a thermal conductivity of 5 W/(m-K).
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Figure 5.4: Temperature distribution in shaft exploratory borehole Go 5001

An average temperature gradient in a vertical direction of 2.3 K per 100 m is calculated
from the measured values in a depth zone between -700 m bsl and -900 m bsl. Assuming
a thermal conductivity of 5.0 W/(m-K) for the salt dome, this indicates an average heat
flow density of 115 mW/m? and therefore corresponds to the numerical modelling results
determined prior to the measurements (DeuisLe 1980). The used thermal conductivity value
was repeatedly determined in laboratory analysis for halite samples from the Gorleben
site at a temperature of 40 °C (EiseNBURGER & GRissemManN 2003), and can therefore be
considered representative.
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Table 5.1: Temperature data from deep boreholes Go 1003, Go 5001 and Go 5002 at
depths ranging from - 700 m bsl to - 900 m bsl

Temperature [°C]

Depth
[m bsl] Go 1003 | Go 5001 | Go 5002
10/05/1983 | 28/02/1983 | 19/01/1983

-700.00 35.58 34.61 34.59
-750.00 36.49 35.74 35.82
-800.00 37.87 36.82 36.94
-816.50 38.22 37.21 37.29
-850.00 38.97 38.01 38.09
-900.00 40.04 39.15 -
Geothermal vertical gradient AT/ Az [K/100 m]
Absolute 2.35 2.29 2.26
Average 2.30

Heat flow density k - AT / Az [mMW/m?]

Absolute 117 115 113
Average 115

In the depth range examined within EB1 (Table 5.1) a horizontal temperature difference
of almost 1 °C is indicated between the Go 1003 borehole running close to the north-
west margin of the salt dome, and the Go 5001 and Go 5002 shaft exploratory boreholes
drilled close to the SE flank.

5.3.2.2 Boreholes in the exploration area

The temperature plot of a borehole filled with brine is shown using borehole RB032 as an
example (Figure 5.5). In addition to the drilled depths of the borehole which drops slightly
to the NNW, the abscissa shows the stratigraphic names of the horizons penetrated by
the borehole.

The brine drilling fluid used to drill the well remained in the borehole when the well had
been completed. The borehole was therefore filled with brine to a depth of 35 m. At the
brine-free top of the borehole, where the temperature of the air does not correspond to the
rock temperature because it is cooled down by the ventilation air in the drift (KapPPELMEYER
& HANEL, 1974), the temperature climbs rapidly at first from 25.6 °C at the mouth of the
borehole, and then more slowly to a value of 35.6 °C immediately above the top of the
brine. The temperature jumps by 1.9 °C to 37.5 °C when the probe enters the brine. The
temperature then rises only very slowly to the deepest part of the borehole with an average
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gradient of 0.4 K per 100 m borehole depth. Because of the ideal thermal coupling between
the liquid and the rock mass, as well as the much lower convection and diffusion compared
to the air-filled part of the borehole, the measured liquid temperature corresponds to the
rock temperature at this location.

A4 = T T T T T T T T T T T T T T T r T T T
:;: Borehole 02YER02-RB032 Measurement date 21/10/1997 ]
41
40
35
38
37
36

Temperature [°C]

0 IEE: | I 251 z2Hs2

Depth [m bsl]

.QBD 1 'l 1 L | L L i 1 i 1 L L i 1 i 1 i L
Borehole depth [m]

Figure 5.5: Temperature distribution in borehole RB032

The temperature increase of 1.8 K over a depth increase of 49 m in the brine-filled
part of the borehole calculates directly to a vertical temperature gradient of 3.6 K per
100 m. However, because this figure is much higher than the average vertical temperature
gradient of 2.3 K per 100 m measured in the deep boreholes, it is assumed that there is an
additional horizontal temperature gradient, which cannot be determined more accurately
until all of the boreholes are considered together (cf. Chapter 5.3.3).

Unlike the measurements in the liquid-filled boreholes, RB032 and RB217, the tem-
peratures in the other boreholes were measured in dry conditions. Figure 5.6 shows a
typical temperature distribution in a dry borehole using borehole RB120 as an example.
This temperature distribution is characterised by a transition zone of over 100 m between
the temperatures influenced by the ventilation air and the unaffected temperature zone.
Temperature equalisation in this long transition zone takes place by the convection and
diffusion of the borehole air.
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Figure 5.6: Temperature distribution in borehole RB120

5.3.3 Determining the initial three-dimensional temperature field

The natural temperature field can only be determined by using the parts of the borehole
temperature distribution where the measured temperature in the borehole medium — air
or brine — corresponds as closely as possible to the rock temperature and is not affected
by the cooling effect of the ventilation air. The first sections of the measurement plots are
therefore ignored when calculating the vertical and horizontal temperature profiles. The
temperatures unaffected by the ventilation can be approximated by a linear equation.
The affected zones are defined as sections where the measured values deviate from the
calculated straight lines by more than 0.08 K.

Figure 5.7 shows the calculated temperature distribution in a vertical section orthogonal to
the axis of the salt structure, which was aligned parallel to cross-cut 1 West (section A-A
in Figure 5.3). An isotherm map of the depth section from -750 m to -900 m was prepared
by bilinear regression analysis from the temperature measurement data corrected for
the influence of the mine ventilation (Grissemann & Czora 2003). This isotherm map is
projected onto the geological section.
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According to this, the initial rock temperature at the reference point at the 840 m level is
37.85 °C, and the average geothermal gradient 2.35 K per 100 m. In addition, a curved
temperature decline can be identified orthogonal to the axis of the main anticline from
NW to SE with a calculated average of 0.114 K per 100 m depth. This is attributed to the
asymmetry at the salt dome flanks. The results of the temperature measurements match
the temperature field postulated by DeLisLe (1980) with the help of numerical modelling
(cf. Figure 5.1).

To determine the initial horizontal temperature distribution at the exploration level, tem-
peratures measured in the boreholes at different depths were reduced arithmetically to
the depth of the exploration level (-816.5 m bsl, 840 m level). An average vertical gradient
of 2.35 K per 100 m was applied (GrissemaNN & Czora 2003). The results give rise to the
following conclusions:

= The temperatures decrease from NW to SE at the depth of the exploration level.
The trend is almost linear at -0.1 K per 100 m in a central zone of +/- 200 m
around the axis of the anticline — in other words, in the exploration area EB1 sensu
stricto — and further in the direction of the shaft 1. This levels out to the NW in the
opposite direction. The temperature measured in the Go 1003 deep borehole is
slightly lower than would be expected from the linear extrapolation of the trend in
the central EB1.

= The temperatures in boreholes RB120, RB119 and RB194, as well as Go 5002,
which can all be combined in cross section B-B’ following cross-cut 1 East, is
systematically around 0.25 K higher than the temperatures in cross section A-A’
(see Figure 5.3). Therefore, there is also a positive component in the temperature
gradients in a north-east direction along the anticlinal axis.
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Figure 5.8: Initial temperature field at the depth of the 840 m level

The temperatures reduced to the depth of the 840 m level are all shown in Figure 5.8
summarised within a horizontal isotherm map of the exploration level, and projected into
the site plan of the exploration level in Figure 5.9 (BornEMANN et al. 2003).

The natural initial rock temperature field at EB1, derived from the measurements and
interpolated from the trend analysis, can be described by the following parameters
according to GrissemMANN & Czora (2003):

Average temperature: T, =3797°C+0,08°C
Horizontal gradient in direction: 394 gon
Vertical geothermal gradient: 2.35 Kper 100 m

Horizontal geothermal gradients:

In WE direction -0.0122 K per 100 m
In SN direction +0.151 Kper 100 m
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Figure 5.9: Horizontal geological cross section at the 840 m level after BornEmANN et al. (2003)
with natural temperature field isotherms, legend in Figure 5.7

The main temperature distribution gradient of the slightly inhomogeneous field is mainly
aligned NNW to N. The original rock temperatures increase by approx. 1.3 K from the
southernmost point of the network (south of shaft 1) to the northernmost point where the
northern cross-measure drift branches off into cross-cut 1 East. Whilst this temperature
increase corresponds to the results of the numerical modelling, it is noticeable that only
in the southern part of the investigation area do the isotherms run virtually parallel to the
direction of the main anticline as expected, whilst in the northern part there tends to be
a local west-east trend. As a general rule, temperature variations of this extent are not
unusual in salt domes and have been observed on several occasions (ScHusTER 1968,
GrissemANN et al. 2000). Local temperature fluctuations are localised, e.g. at the transition
from the Stal¥furt-Folge (z2) to the Leine-Folge (z3) in the folded northern flank, because
the two members of the sequence — Kalifloz Stallfurt (z2SF) and Grauer Salzton (z3GT) —
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are the only lithologies within the salt dome whose thermal conductivities differ significantly
from the main lithological components halite and anhydrite.

The distortions in the temperature field may also be caused, however, by the relative
proximity to the northern boundary of the salt dome with the adjoining rock. Variations in
the temperature field at this boundary, along strike as well as in the direction of folding,
could be due to the folding of the boundary between the Stal¥furt-Folge (z2) and the Leine-
Folge (z3) and the intense fragmentation of the Hauptanhydrit on the northern flank of
the main anticline (see Figure 5.7 and Figure 5.9) — this variation is particularly evident
at the depth of the exploration level.

6 Geomechanical in-situ measurements

The geomechanical exploration programme elaborated by BGR and BfS comprises short-
term and long-term stress measurements, as well as deformation measurements involving
convergence measurements, extensometer measurements, inclinometer measurements
and fissurometer measurements. Dilatometer tests were also carried out at selected
locations to determine the elastic deformation behaviour of the rock mass. The short-
term stress measurements as well as the dilatometer tests were provisionally concluded
as a result of the moratorium. Long-term stress measurements and the deformation

measurements, however, were continued during the moratorium as monitoring measures.

The short-term stress measurements were carried out to determine the primary stress
state within the rock mass. The measurements and the results are presented in highly
detailed reports in HEusermANN et al. (2003a) and HeuservanN et al. (2003c). The long-
term stress measurements are used for the continuous observation and documen-
tation of any stress changes that occur in the rock mass during the exploration phase.
Large-scale as well as localised rock mass deformations, which can be recorded by
deformation measurements, occur as a result of relocation processes in the rock mass
initiated by the excavation of underground workings as well as the operation of the
exploration mine.

Geomechanical and mine surveying measurements are used as the basis for the contin-
uous documentation of deformation and stress changes, as well as to determine site-
specific in-situ parameters to characterise the rock mass. In addition, measurement results
also form the basis for elaborating and validating geomechanical models and model

calculations as part of the stability analyses and integrity verifications.

The ongoing long-term stress and deformation measurements are conducted by DBE.
The scope of the measurements, data processing and data evaluations were defined
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by BGR and DBE. The processed measurement data were made available to BGR in
reports and on electronic data media until 2000. DBE initially suspended the forwarding
of measurement data from the beginning of the moratorium, only making measurement
data available again from 2006. The BGR carries out in-depth evaluations, assessments

and interpretations of the measurement data looking at geological and mining influences.

6.1 Measuring methods

6.1.1 Rock stress measurements

In-situ stress measurements were carried out using several methods to determine the
primary rock stress state as well as long-term stress changes within the salt dome:

= Short-term measurements using the BGR overcoring method
= Short-term measurements using the hydro-frac method

= Long-term measurements using stationary stress monitoring stations

The short-term tests are mainly used to determine the primary rock stresses, whilst the

long-term measurements are used to record stress changes.

Overcoring tests using the BGR method

The BGR overcoring method is a stress release method to determine the rock stresses.
Methods of this kind measure rock mass deformations initiated by overcoring a pilot
borehole. The stresses causing these rock mass deformations can be determined from
back calculations of the measured deformations, applying specific material parameters
and taking the borehole geometry into consideration.

The overcoring tests using the BGR method first involve drilling a corehole with a diameter
of 148 mm down to the intended measuring horizon. A coaxial pilot borehole with a
diameter of 46 mm and a length of around 1.0 m is then drilled. The BGR measuring
probe is then installed in this borehole and directionally oriented with the help of a setting
string. After a short period of waiting, a coring bit with a diameter of 148 mm is then used
to overcore the pilot borehole and the installed measuring probe. At the same time, the
probe measures the change in diameter of the pilot borehole caused by the releasing of
stress by overcoring. The rock core with the pilot hole and the measuring probe are then
recovered by pulling the core string. The diagram in Figure 6.1 shows each step of the

overcoring test.
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Removing the vercoring probe

Installing the overcoring probe Extraéting the core

Figure 6.1:  Overcoring test principle following the BGR method

The cores with the axial holes are then used for biaxial tests in the BGR laboratory to
determine material-specific parameters (Chapters 8.1.1 and 8.1.1.3).

The measuring probe used for the stress release deformations consists of a central
body with four inductive displacement transducers mutually offset by 45° which measure
the changes in diameter of the pilot borehole (Figure 6.2). The measurement data are
continuously transmitted to the measuring unit by the cable connected to the probe. Four
pairs of plates are used to fix the probe in the pilot borehole — these are spring-loaded
and ensure that the probe sits firmly in the hole.

Figure 6.2: BGR overcoring probe type Mk14 in a rock salt core
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When overcoring tests are carried out in brittle rocks, the evaluation of the measurement
results can generally be carried out assuming an elastic rock behaviour. Using the BGR
overcoring method, this involves calculating a deformation ellipse for each measurement
location from the measured diameter changes in the pilot borehole. Applying elasticity
theory based on the main axes of these deformation ellipses, the maximum and minimum
rock stresses in the measuring plane are calculated using the material parameters from
the biaxial tests (Chapter 8.1.1.3).

In addition to the elastic properties, the inelastic properties also have to be taken into
consideration in ductile evaporites. Analytical and numerical examinations reveal that
the results of overcoring tests in salt are considerably influenced by the stress relaxation
caused by creep in the area around the pilot borehole and the associated time-dependent
decrease in radial stress (HeusermMANN 1984 and HeusermANN 1995). If this stress decrease
is ignored and the evaluation is based only on relations that apply to elastic behaviour,
results for the rock stress state will generally be too low in areas affected by higher primary
stresses or at greater depths (> 500 m).

Special finite-element calculations were carried out to be able to quantitatively estimate
the influence of the lithostatic pressure on the stress release deformation in the overcored
pilot borehole in creepable salt (see Chapter 9.5). The calculations aimed to determine a
stress-dependent (and therefore also a depth-dependent) evaluation factor k. The stress
values determined using the aforementioned evaluation method have to be multiplied by

this factor to derive the actual rock stresses at the location in question.

Hydro-frac method

The hydraulic fracturing method (hydro-frac method for short) is used to determine the
primary stresses in boreholes by hydraulically fracturing the rock mass. This is done by
sealing off an exploration borehole at the necessary depth using a double packer system,
and injecting a liquid (or a gaseous) medium into the interval of the borehole lying between
the packers (Figure 6.3). The injection pressure is increased until the rock stress and the
tensile strength of the rock mass are exceeded: this causes fracturing of the borehole
perimeter and penetration of the injection medium. Further injection enlarges the fracture
and causes the fracture front to migrate into the rock mass. The fracture stops spreading
when no more liquid is injected. This allows measurement of the pressure (the so-called
resting pressure) which is just enough to hold the fracture open. After completely releasing
the pressure, a follow-up test is carried out to measure the opening pressure of the artificial
fracture. It is assumed that the minimum principal stress in the rock mass corresponds to
the resting pressure measured at the test location. This principal stress is aligned normal
to the fracture surface.
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Figure 6.3: Principle of the Rock stress measurements using the hydro-frac method
(BRAUNER 1991)

Because of their many years of experience, K-UTEC, Sondershausen, was selected by
DBE to carry out the hydro-frac tests at the Gorleben site.

Long-term stress measurements

The borehole inclusion method using stationary stress monitoring stations built by Gl6tzl
was used for the long-term stress measurements. This method can generally be used to
determine stress changes in rock masses. In addition, absolute stresses can be deter-
mined in the long term in ductile rock masses.

The monitoring stations installed in measurement boreholes each have four pressure
cells with different orientations (Figure 6.4). These four cells allow stress components to
be recorded in the plane orthogonal to the borehole axis.

The pressure cells consist of hydraulic valve sensors that work on the hydraulic
compensation principle (FrRanz 1958).
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Figure 6.4: Stress monitoring stations with Glotzl pressure cells

At least three measuring directions with different orientations are required to determine a
stress distribution (stress ellipse), generally assumed to be anisotropic. The four cells in
the stress monitoring station are mutually offset by 45°, thus providing simple redundancy
in the measurement plane orthogonal to the borehole axis for each station with respect
to the number of cells. This allows the clear determination of the anisotropic stress
distribution in the measuring plane if present. At least three measurement planes oriented
in different directions are required to determine the complete three-dimensional stress
state, which means that the stress monitoring stations shown here have to be installed

in three measurement boreholes with different spatial orientations.

The cavity between the pressure cells of a monitoring station and the borehole perimeter
was filled with a special salt concrete which was investigated in numerous extensive labo-
ratory tests, and has a very similar modulus of elasticity to the adjoining rock salt. With
the pressure cells' flat construction, their total stiffness only has a minor influence on the
measured stress values (HEuserRvMANN & EickemelerR 2004). This means that a mechanical
correction of the stress changes measured using the borehole monitoring stations can
be dispensed with. The measured pressures correspond closely to the stress changes

occurring in the rock mass.

6.1.2 Determining the load-deformation behaviour

The material parameters to describe the load-deformation behaviour of rocks (cf. Chapter
8.1.3.3) were determined in laboratory tests. The scale effect has been taken into consider-
ation when extrapolating these material parameters to the properties of the rock mass. The
scale effect encompasses all of the influencing factors of the fabric and the mechanical
behaviour of the rock mass which are inadequately represented in laboratory tests. Dilato-
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meter tests were therefore carried out to determine the location-specific moduli of elasticity
of the rock mass.

The BGR dilatometer, type Mk Il (Figure 6.5) was used for the borehole dilation tests
(PAHL & HeusermanN 1991). The BGR dilatometer consists of a main body on which three
inductive transducers are arranged at 60° to one another, to measure the changes in
diameter of the borehole in radial direction. A high-pressure-resistant hose is fitted over
the body of the probe. The transducers lie on special steel plates vulcanised into the hose
wall to ensure the measured values are largely unaffected by the deformation of the hose.
A measuring cable sends the data to a PC where they are received, saved and presented
to allow direct monitoring of the test as it proceeds.

Figure 6.5: BGR dilatometer type Mk IlI

The procedure for carrying out dilatometer measurements using the BGR method
(Figure 6.6) starts with a core hole with a diameter of 148 mm in which a central pilot
borehole with a diameter of 86 mm and a length of 2 m is drilled. The dilatometer probe is
installed in this pilot borehole using a setting string to ensure that it is oriented to the correct
direction and depth. After applying a hydraulic initial pressure of 2 MPa to guarantee the
dilatometer lies uniformly along the length of the borehole, the next step is to carry out
a reference measurement. This is followed by pressure build-up and pressure release
cycles in a range of different load steps with simultaneous recording of the changes in
the borehole diameter.

Load steps of 5 MPa, 10 MPa and 15 MPa were selected for the rock salt at the Gorleben
site. The stress release steps carried out between each load step lowered the pressure to
the initial pressure of 2 MPa. Upon completion of the test and removal of the dilatometer,
the test section was overcored and the coring was then continued to lengthen the hole.
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Figure 6.6: Principle of the dilatometer test carried out using a BGR probe

The load deformation curves derived from the dilatometer test are used to determine the
modulus of elasticity from the gradient of the secants at the points dividing the stress
release branches into three equal sections. The procedure was also used to determine the
moduli of elasticity of rocks in laboratory tests (cf. Chapter 8.1.3.3.). The evaluations were
carried out using a model consisting of an infinitely long perforated disk in a plane-strain
condition under internal load. Assuming an isotropic rock mass behaviour, the modulus

of elasticity can be determined after WorcH (1967).

6.1.3 Rock mass deformation measurements

Convergence measurements

Convergence measurements are carried out by using short anchors to permanently mark
measuring points (fixed points) on or in the immediate vicinity of the cavity perimeter.
The distances between the fixed points (length of the measuring line) are repeatedly
measured at regular intervals, and the changes in position determined compared to the
first measurement (reference measurement). Positive values of distance changes are
classified as divergence (measuring line increases in length), and negative values are
classified as convergence (measuring line decreases in length). Figure 6.7 shows the
principle behind the convergence measurements.
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Figure 6.7:  Principle behind convergence measurements in a drift

To determine the convergence in the underground workings of the exploration mine,
measurement profiles corresponding to the local conditions were installed using at least
two measuring lines arranged orthogonal to one another. Three main measuring lines and
at least four ancillary measuring lines were set up in each of the convergence measure-
ment profiles of the exploration horizons in the shafts .

The temperatures of the measuring tape used were determined for all of the distance
measurements to correct the measured values for the thermal expansion behaviour of the
measuring tape. The convergence measuring tools are checked regularly on a test line.

The convergence measurement data provided by DBE are temperature-compensated.

Analysis of the measurement results to determine the effects of stratigraphic units, density
of excavation and mining activities on the deformation behaviour of the rock mass around
the measuring points — also when compared to other deformation measurements — is
only feasible when a common basis is used taking into account the different lengths of
the convergence measuring lines as well as the different times at which the reference
measurements were recorded. Normally, this involves calculating the deformation as
a ratio of the measured change in length to the length of the measuring line. Negative
deformation indicates convergence, positive values indicate divergence of the measuring
line.

To determine the deformation rates, the changes in the calculated deformations over
a period of a year are used. This means that seasonal effects are largely eliminated.
Deformation is indicated in millimetres per metre (mm/m or per mill); the deformation rates
are reported in per mill per year.
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When evaluating the convergence measurement data from the Gorleben site, consider-
ation must be given to the fact that no details are available so far on the length of the con-
vergence measuring lines, which means that deformation or deformation rates cannot be
determined in this case. The convergence rates are therefore calculated as the change in
length of a measuring line over a period of one year. This does at least allow comparison

between the convergence measurement data from different measurement profiles.

Extensometer measurements

Extensometers are used to measure changes in distances (displacements) between two
or more measuring points along an axis at specified time intervals (DunnicLiFF 1993). In
the case of permanently installed extensometers (e.g. in boreholes), rods (e.g. made of
fibre glass) are used and permanently anchored in the rock mass at previously defined
positions (measurement points). The displacements of the measurement points (anchor
points) are transmitted via these rods to the measuring device and recorded there as
changes in distance relative to the extensometer head (reference point). In the case of
multiple extensometers, displacements between separate sections of the rock mass along
the borehole can be determined by measuring the relative displacement of two anchor
points to determine the section displacement (Figure 6.8).

' Head Measuring Measuring Measuring
< plate point point point
1 2 3
YOKX XX KX KX XX Changes in length:
== E— — AL'=L'- Llo
——3 | e— |
e —— \)223 Deformation:
X P AL L-L
E=—=—-—
<« L1, *J Lo Lo
L ‘ Section deformation:
L3, ‘ . AL =ALT
Sa =
L, -L7,
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L2 |
.
| E—  E— | E—
| — | —
| — I ‘

Figure 6.8: Principle behind extensometer measurements using a triple extensometer as an
example (after PauL & GARTUNG 1991).
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The displacements of the anchor points relative to the extensometer head are continuously
recorded using electrical transducers.

The deformations (in each section) of the measuring lines are determined as a ratio of
displacement to the original length of the measuring lines and used for a comparative
analysis of the measurement results. Convergence is characterised by negative defor-
mation values, whilst divergence is characterised by positive deformation values. As in the
convergence measurements, deformation is measured in millimetres per metre (mm/m or
per mill). The calculated deformations are referred to a one-year time interval to determine

the deformation rates. The deformation rates are in per mill per year.

Inclinometer measurements

Rock mass deformations which are aligned orthogonal to the axis of the borehole can be
recorded with an inclinometer. This makes use of gravity to measure the deviation of the

probe from the vertical.

Stationary inclinometer measurements are carried out in Gorleben. This involves dividing
up a non-compressible casing into separate measuring lines. The annulus between each
section of the casing and the borehole perimeter is completely cemented so that all dis-
placements are transferred directly to the casing. The separate measuring sections are
articulated with one another by axially moveable couplings to prevent the displacement of
a measuring section being transferred to a neighbouring section (GLAss & ScHNIER 1996).
Inclinometer probes with a length of one metre in each case are firmly installed in the
centre of each measuring section and firmly connected to one another by articulated setting
rods. Every inclination measurement borehole is therefore equipped with an inclinometer
chain. Figure 6.9 illustrates the principle behind the inclination measurements.

The inclinations of each measuring section are continuously recorded. The measured
inclinations are referenced to the length of each inclinometer of one metre and reported
in mm/m. Negative values indicate a relative lowering of the measurement profile on the
side nearest the mouth of the borehole compared to the side nearest the deepest part of
the borehole: this means that the measuring section rises in the direction of the deepest
part of the borehole. The positive measured values on the other hand indicate that the

measuring section dips down in the direction of the deepest part of the borehole.

The time-dependent changes in the inclination, in other words, the deformation of the rock
mass aligned orthogonal to the borehole axis, is determined by comparing the reference
measurement with the data from the subsequent measurements.
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Figure 6.9: Principle behind inclinometer measurements

The inclination values allow the calculation of the vertical displacement of the ends of the
measuring section based on the measuring section length. Taking the deepest part of
the borehole to be an immovable fixed point for the inclination measurements, the total
vertical displacements in the perimeter of the shaft can be determined cumulatively from

the vertical displacements of the individual measuring sections.

Fissurometer measurements

Fissurometers allow changes in the apertures of joints and fissures to be measured, i.e. the
relative displacement of two blocks with respect to one another can be recorded in three
mutually orthogonal directions. They consist of two segments which can move relative to
one another (end segment and measuring console), and which are anchored close to the
perimeter either side of a joint or fissure in the rock mass. Changes in distance (relative
displacement) in three measuring directions are recorded manually with a dial gauge.
These changes in distance reveal the relative displacement of the two blocks flanking the
joint or fissure. The aperture as well as the relative displacements of the joint or fissure
surfaces parallel and orthogonal to the perimeter (width direction and depth direction) are
determined. The fissurometer orientation and the measured relative displacements allow
the absolute displacements of the blocks bounding the joint or fissure to be calculated, as
well as the associated displacement directions. In addition, the subsequent measurements
allow the spatial and temporal development to be determined.
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6.1.4 Temperature measurements

In addition to the specific stresses or deformations, the temperature is also measured
at almost every measuring point of the aforementioned geomechanical and monitoring
measurements. These temperatures are used as part of the analysis of the large-scale
temperature field in the exploration mine, and its development over time (see Chapter 5),
as well as to temperature-correct the stress and deformation measurements in accordance
with the sensor-specific temperature dependencies. The deformation measurement results
made available by DBE are temperature-corrected.

6.2 Measurement locations

The geomechanical measurements are evaluated separately for the following zones:

" Shaft 1 and shaft 2

Shaft 1 and shaft 2 are vertical underground workings which were sunk through
the overburden using the ground freezing method. With the exception of the drift
levels, the shafts are not influenced by any other underground workings. Fresh air
is drawn into the underground workings down shaft 1 and the fluctuations in the
relative air humidity and the outside temperature can directly be detected in the
shaft. Shaft 2 is used amongst other things as upcast ventilation shaft. Changes in
the outside weather conditions (temperatures, air humidity) are not detected here.
The shafts were sunk in the Zechstein 3 sequence (Leine-Folge) within the salt
dome.

. Infrastructure area and return air level

The main underground workings of the infrastructure area (workshops, store
rooms, etc.) were constructed at the 840 m level. The lower drifts cut at the 880 m
level and the 930 m level are also part of the infrastructure area. In addition, the
underground workings for the return air level were drifted at the 820 m level. This
monitoring zone has a height of 110 m and is characterised by a high density of
excavation, particularly at the 840 m level. The underground workings cut through
several stratigraphic units (halite) of the Zechstein 3 (Leine-Folge).

= Exploration area 1 (EB1)
The EB1 touches the north of the infrastructure area. It is bounded by cross-
cut 1 West, the northern cross-measure drift of EB1 and cross-cut 1 East. The

underground workings are driven in the Zechstein 2 (Stalfurt-Folge).
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Five exploration horizons were set up at different depths in the salt rock areas in each
of the shafts:

= Shaft 1:

. Exploration horizon 1 (EH-350), depth -354.0 m bsl
= Exploration horizon 2 (EH-450), depth -455.6 m bsl|
= Exploration horizon 3 (EH-550), depth -554.6 m bsl
. Exploration horizon 4 (EH-650), depth -652.4 m bsl

. Exploration horizon 5 (EH-720), depth -719.5 m bsl
. Shaft 2:

= Exploration horizon 1 (EH-370), depth -373.4 m bsl
" Exploration horizon 2 (EH-450), depth -453.4 m bsl
= Exploration horizon 3 (EH-570), depth -575.8 m bsl
. Exploration horizon 4 (EH-670), depth -674.1 m bsl

= Exploration horizon 5 (EH-760), depth -765.4 m bsl

Each of these exploration horizons comprises a convergence measurement profile, three
inclinometer measurement chains, four or six extensometer measurement boreholes and
three measurement boreholes equipped with stress monitoring stations. The measurement
boreholes are all arranged in different directions with the aim of recording the rock mass
deformations and stress changes around the shafts as completely as possible. Figure 6.10
shows the arrangement of the measurement boreholes and the instruments in one of
these exploration horizons.

With the exception of the highest exploration horizon of each shaft which has a reduced
measurement scope, the arrangement of the measurement boreholes and the measuring
instruments (Figure 6.10) is identical in all of the exploration horizons in a shaft. The
alignment of the measurements in shaft 1 is rotated by 90° compared to those in shaft 2.
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Dilatometer measurements in the lowest exploration horizons in both shafts were carried
out to determine the elastic deformation parameters. The rock stresses around the shafts
were determined by overcoring tests using the BGR method (cf. Chapter 6.1.1). Thirty-
two overcoring tests in total were carried out in shaft 1 during the drilling of the stress
measurement boreholes in exploration horizons EH-450, EH-650 and EH-720. The rock
stresses around shaft 2 were determined by a total of 32 overcoring tests in exploration
horizons EH-450, EH-570 and EH-760.

Two fissurometers were installed in a western and south-eastern direction in shaft 2 in
measurement profile MH-785 to monitor a joint system. This joint system consists of
several separate joints. Some of them are partially open, some of them have been healed
with recrystallised halite. The joint dip approximately 55 gon to the south-west and are
thus orthogonal to the dip of the Oberes Orangesalz beds at this location (z30S0O). The
shaft-landing at the 820 m level was driven to the north-west below this joint system
(ScHNIER 2003). Two more fissurometers were installed in shaft 2, but no information about

depth, direction or measurement alignment is available.

Additional convergence measurement profiles were set up between these exploration ho-
rizons so as to create an almost uniform distribution of the convergence measuring points
in terms of depth within the shafts. Relatively closely spaced convergence measurement
profiles are also installed in the infrastructure area and in EB1. The uniform distribution of
the convergence measuring points throughout the underground workings means that the
convergence measurements can be considered as a large-scale monitoring technique.
It enables the continuous spatial and temporal analysis of the deformation behaviour of
the mined portion of the rock mass.

The other measuring techniques, on the other hand, are localised monitoring measure-
ments. Fissurometer measurements are used at the exploration level to monitor the
Gorleben Bank, which outcrops exclusively in the underground workings of the infra-
structure area, the return air level and the undercuts. Extensometers and stress monitoring
stations at the exploration level have been exclusively installed in exploration locations.
These exploration locations are localised zones within the underground workings with
different exploration objectives:

. Exploration location 1 (EL1) was set up in cross-measure drift 3 east as the eastern
extension of the main drift at the 840 m level. The rock mass behaviour of the
younger halite beds (Leine-Folge z3) is being investigated here (long-term stress
measurements as well as extensometer and convergence measurements) under
only slightly disturbed conditions because of the minor influence of the neigh-
bouring underground workings (Figure 6.11). During drilling of the boreholes for
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the long-term stress measurements, 31 overcoring tests (BGR method) were con-
ducted in one vertical borehole and two inclined boreholes in the floor of the ex-
ploration location, and two horizontal boreholes in the walls of the underground
workings to determine the rock stresses. In addition, hydro-frac measurements
were carried out in two other horizontal boreholes drilled parallel to the boreholes
for the rock stress measurements. The salt exposed here is part of the Orangesalz

(z30S) of the Leine-Folge.

Exploration location 2 (EL2) is formed by the western and eastern pillars of the
cross-cut between the chambers housing the drilling department and the trans-
former room in the infrastructure area to the north-east of shaft 1. The deformation
of the rock mass in this part of the mine, which is characterised by a large degree
of excavation, is monitored by convergence and extensometer measurements
(Figure 6.12). The extensometer boreholes penetrate stratigraphic units stretching
from the Anhydritmittelsalz (z3AM) to the Unteres Orangesalz (z30S) in the Leine-
Folge.

Exploration location 4 (EL4) is a face drifted approximately halfway down cross-cut
1 East in an easterly direction into a zone affected by very high deformation. This
exploration location was equipped with one convergence measurement profile
and four extensometers (Figure 6.13). The stratigraphic units exposed here are
Knduelsalz (z2HS1) and Streifensalz (z2HS2) of the Stal3furt-Folge.

i - * L

Figure 6.11: Measuring instruments installed in exploration location EL1 (source: DBE)
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Figure 6.13: Measuring instruments installed in exploration location EL4 (source: DBE)
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6.3 Results of the in-situ measurements

6.3.1 Shafts 1 and 2

6.3.1.1 Temperature developments

Temperatures have quite an important influence on the measured deformation values
and on the detected stress changes. The developments of temperature in the monitored
areas are therefore discussed before presenting the measured deformations and stresses.
Special ventilation was required during the sinking of shaft 1 and shaft 2. A heating system
for the ventilated air was installed to maintain uniform working conditions in the shafts.
The influence of the special ventilation on the temperatures in shaft 1 is evident in Figure
6.14 in the relatively constant temperature trends from the start of temperature recording
to October 1996 — this example shows the measurement points for the extensometer
CG410E at exploration horizon EH-450.
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Figure 6.14: Development of temperature at the temperature sensors of extensometer CG410E
installed in exploration horizon EH-450 in shaft 1

The special heating system for the ventilation used in shaft 2 was turned off before the
setting up of the exploration horizons in shaft 2. The temperatures measured in shaft 2
therefore show seasonal fluctuations up to October 1996 — although the fluctuation of
at most 7 °C is relatively low. The temperatures shown in this example were recorded
at the measurement points of the extensometer CG420E installed in exploration horizon
EH-450 (Figure 6.15).
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Figure 6.15: Development of temperature at the temperature sensors in extensometer CG420E
installed in exploration horizon EH-450 in shaft 2

The ventilation was shifted to circulation ventilation of the underground workings following
breakthrough of the main drift between the two shafts in the exploration mine in October
1996. The fresh air is drawn in down the shaft 1, flows through the flat and inclined
underground workings to return to the surface via shaft 2. This flow of air transfers
temperature changes at the surface into shaft 1. Over the course of a year, this causes
the rock mass to warm up during the summer months and cool down during the winter
months.

These warming and cooling processes are clearly detectable on the perimeter of shaft 1 by
the relatively large fluctuations of the measured rock mass temperatures over the year
(Figure 6.14). The seasonal temperature fluctuations decrease with increasing distance
from the shaft perimeter. These seasonal temperature changes are no longer detectable
at a distance of 20 m from the shaft perimeter. However, a gradual cooling down of the
rock mass can be seen since the switch from special ventilation to natural ventilation in
1996. This cooling down of the rock mass is attributable to the relatively low temperature
of the ventilation air compared to the relatively high rock temperatures. This difference in
temperature transfers heat from the rock mass to the air causing the rock mass to cool
down gradually until it reaches a stationary temperature distribution. The temperatures of
the shaft perimeter rose on average by 3 °C to 4 °C when the heating system for warming
up the ventilation air was installed in the shaft in December 1999.
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Similar temperature trends were seen in shaft 2. Establishing through-flow ventilation in
October 1996 originally caused a slight decline in the minimum temperatures by around
3 °C in the contour of the shaft. However, once the heating system for the ventilation air
was installed in the downcast shaft 1 in December 1999, the minimum rock temperatures
rose again by up to 5 °C. The seasonal fluctuations are much lower compared to shaft 1
and do not penetrate as far into the rock mass. This is attributable to the warming of the
ventilation air as it flows through the underground workings. In addition to the increased
temperature of the ventilation air, there is a smaller difference between the minimum and
maximum temperatures of the ventilation air. Thus temperature changes at the surface
have only a minor impact on the temperatures of the ventilation air returning to the surface
in shaft 2. The warming up of the ventilation air in the mine means that, compared to
shaft 1, the difference between the rock temperature and the ventilation air temperature
is lower in shaft 2 and consequently the rock mass cools down much more slowly.

6.3.1.2 Determination of primary stress

Overcoring tests (BGR method) were carried out as the measurement boreholes were
being drilled in each of the exploration horizons. Figure 6.16 shows the measurement
plots from three overcoring tests carried out at various depths in shaft 2. These typical
plots all show the characteristic changes which take place in ductile rock salt masses
during overcoring tests.

A more or less pronounced reduction in the pilot borehole diameter is initially recorded
at the beginning of the overcoring test. The minimum diameter of the pilot borehole is
reached when the overcoring process reaches the measurement level of the sensor. An
enlargement in the pilot borehole diameter as a result of stress release deformation in the
rock core is then observed as the overcoring proceeds. When overcoring has continued
for an adequate distance, the stationary phase with no change in the measured values is

reached, which reflects complete stress release in the overcored specimen.

A notable feature is the change in the characteristics of the measurement curve with
increasing depth: on the one hand, there is a significant increase in the pilot borehole
convergence during the first phase of the overcoring process; and on the other hand, the
stress release deformations decrease with increasing depth. These effects mean that,
with increasing depth, there is a significant drop in the final measured values for changes
in borehole diameter after complete stress release. Whilst a major enlargement of the
pilot borehole diameter after the overcoring procedure is observed at shallow depths
(EH-450), at medium depth (EH-570) the final values are only slightly larger than the
reference measurement. At greater depth (EH-760), the final measured diameter change
values are actually negative — which means that the overall change is a convergence of
the pilot borehole over the whole overcoring procedure.
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Figure 6.16: Measured changes in diameter of the pilot boreholes during overcoring tests at

various depths in shaft 2
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This dependency of the observed characteristics of the measurement plots is attributable to
the influence of the primary rock stresses and the inelastic material behaviour of rock salt.
This involves the initial occurrence of disproportionately large pilot borehole convergence
with increasing primary stress caused by temporary relocation stresses acting at the over-
coring front. Model calculations of the overcoring procedure taking into consideration the
specific material behaviour of rock salt produced very similar plots (HEusermaNN 1993). The
paradox during the stress release phase, that the stress release deformation measured
here decreases with increasing primary rock stress, is also attributable to the extremely
non-linear inelastic behaviour of rock salt and the associated stress relaxation in the
vicinity of the pilot borehole. Model calculations to simulate the overcoring process taking
into consideration the high level of non-linear steady-state creep behaviour confirm this
effect (cf. Chapter 9.2)

The primary stresses in the rock salt mass determined for shaft 1 and shaft 2 from
the overcoring tests are summarised in Figure 6.17 as average values for each of the
exploration horizons (HEusermANN et al. 2003a).
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Figure 6.17: Summary of the primary stresses determined by overcoring tests

The maximum and minimum stress components S, and S, shown in each diagram were
only determined for each measurement level orthogonal to the measuring borehole. Based
on the overall evaluation of the measurement results generated by boreholes with different
orientations, it is valid to approximately equate the stress components S, and S, with the
principal stresses. The figure also shows the range of the calculated stress measurement
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values derived from the numerical modelling of the overcoring process (HEUSERMANN et
al. 2003b). The upper boundary represents a very ductile material behaviour, the lower

boundary less ductile material behaviour.

As shown in Figure 6.17, the minimum and maximum stresses in each exploration horizon
differ by only a small amount, which means that it is justified to assume the presence of
an isotropic primary stress state. The maximum stresses are generally horizontal, and the
minimum stresses vertical. This is attributable to the influence of the shafts with slightly

elevated tangential stresses.

The theoretical stress trend derived from the overburden pressure is shown in each
diagram for comparison. Uniform densities were assumed here for the rock mass of
2.1 t/m? for the lower limit and 2.3 t/m3 for the upper limit. The measured stress values
are slightly lower than the lower boundary. When the influence of the shaft is taken into
consideration, this justifies the assumption that the primary stress state increases linearly
with depth with the application of a density of 2.1 t/m3.

6.3.1.3 Measurement of long-term stress changes

The measurements recorded by the stress monitoring stations in shaft 1 and shaft 2 reveal
a great deal of heterogeneity in terms of change over time, scatter and magnitude. In
some cases, a gradual increase in stresses over time is identified. Other stress monitoring
stations, however, recorded a decrease in measured stresses over time. In other cases,
the measurements indicate an increase in stresses in the first few years, then constant
or even decreasing values during the subsequent period. Most of the measured stresses
lie between 2 MPa to 5 MPa, only a few stresses were higher.

No direct dependencies of the measured stresses on the measurement location, the
installation depth of the stress monitoring stations in the boreholes, the depth of the
exploration horizon, or the direction of measurement of the pressure sensor were observed
on the basis of the available data supplied by the stress monitoring stations. In particular,
the minor differences in stress measurement data, which indicate that there is no significant
directional dependency of the measured stresses, support the assumption that an isotropic
rock stress state exists in the salt dome, as already interpreted from the results of the
overcoring tests.

The overall stress measurement data in the shafts indicate seasonality, with local maxi-
mum values in spring, and local minimum values in autumn. The temperatures measured
at the stress monitoring stations only show a slight decrease in rock mass temperatures
over the whole measurement period but with no seasonal fluctuations. However, there is a
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clear correlation between the yearly stress changes and the seasonal fluctuations in rock
mass temperatures at the perimeters of the shafts. This situation is shown in Figure 6.18,
which presents the development of the stress measurement values and the corresponding
temperatures in exploration horizon EH-450 in shaft 1 as a typical example. The changes
in rock mass temperature at the perimeter of the shaft here (Figure 6.18, CT410E) reflect
the changes in temperature of the ventilation air.

This clear dependency of the stress measurement values on the ventilation air temperatures
results in much higher stress changes associated with temperature fluctuations in shaft 1,
than shown by the results of the long-term stress measurements in shaft 2, because of
the higher seasonal temperature fluctuations of the ventilation air in the downcast shaft 1
than in the upcast shaft 2.
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Figure 6.18: Influence of ventilation air temperatures on the measured stress values in exploration
horizon EH-450 in shaft 1

These stress fluctuations caused by the changes in temperature of the ventilation air are
attributed to thermally induced deformation of the rock exposed at the perimeter of the
shaft. Model calculations described in detail in Chapter 9.3 were carried out to clarify this
situation.

Because of the relatively small fluctuations in stress of 0.2 MPa to 0.7 MPa versus the
comparatively large change in air ventilation temperatures of around 20 °C, no temperature
correction of the measured stress values is needed for the long-term analysis of the rock
mass stresses.
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The decrease in stress after reaching a maximum, which is observed to varying degrees
depending on the measurement location, is attributable to the cooling down of the rock
mass over a large area. This cooling down gives rise to contraction and therefore to
stress release in the rock mass which counteracts the increase in stress caused by creep
deformation.

The rock mass cools down relatively quickly after the sinking of the relevant section of
the shaft because of the large temperature gradient between the shaft perimeter and the
deeper parts of the rock mass. From the time the underground workings are excavated,
the cooling slows down more and more as time passes until a stationary temperature
distribution is reached and no further cooling down takes place. The stress release will
therefore asymptotically approach a final stationary value and thus it can be assumed
that the stress will increase again in the long term. A more detailed interpretation is given
in Chapter 6.3.2.3.

6.3.1.4 Dilatometer measurements

Two dilatometer measurements were carried out at the lowest exploration levels in each
shaft (shaft 1: EH-720, shaft 2: EH-760) to determine the modulus of elasticity of the rock
mass. Relatively low average values of 19.8 GPa and 12.9 GPa were recorded in shaft 1.
Slightly higher moduli of elasticity of 23.5 GPa and 18.1 GPa were determined in shaft 2.

6.3.1.5 Deformation measurements

The convergence measurement curves in each of the shafts show a qualitative similarity in-
dependent of measurement location, and therefore also independent of depth. An example
is shown in Figure 6.19 for measurement horizon MH-652. The sketch in Figure 6.19 shows
the alignment of the main measurement lines (red) and the ancillary measurement lines
(blue) of the convergence measurement stations in shaft 1. The gap in the measurements
from the end of 1998 to mid-2001 was due to operational circumstances which prevented
manual recording over this period. Other deformation measurements were continued over
this period with the use of automatic recording.

Because the convergence measurement stations were installed fairly soon after the ex-
cavation of the measurement profiles, the convergence measurement stations initially
recorded a significant increase in convergence which was attributed to the continuing

work sinking the shafts.
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Figure 6.19: Change in convergence at convergence measuring station CG310K at a depth of
-652 m bsl in shaft 1

A degressive development in convergence over time is then identified during the sub-
sequent period resulting in almost constant convergence measurement values after a few
years. There is, however, a sometimes considerable scatter in the absolute convergence
measurement values depending on the measurement location.

Because of the different time periods over which the measurements took place, the period
from the beginning of 2003 to the end of 2005 is selected for comparison of the measured
convergence rates. This excludes effects associated with excavation and the missing
measurements from 1998 to 2001, and enables the deformation behaviour of the rock
mass to be analysed with respect to different stratigraphic units. The average convergence
rates in the main measuring lines of the convergence measurement profiles in shaft 1
are shown in Figure 6.20 for the period from the beginning of 2003 to the end of 2005.

Extremely low convergence rates were determined in the Oberes Orangesalz to Bank/
Bandersalz (z30S0O-BK/BD) in measurement horizon MH-354 — convergence rates which
can be ignored when compared to the other measurement horizons. The highest con-
vergence rates were measured in measurement horizon MH-652 in all measurement
directions, as well as in horizon MH-554 in direction 1-5. Relatively uniform convergence
rates with values of -0.2 mm/a to -0.4 mm/a and greater or lesser degrees of fluctuation,
were determined in the convergence measurement profiles in the other horizons from
2003. Figure 6.20 does not reveal any clear increase in convergence rates with depth.
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Figure 6.20: Average convergence rates from the beginning of 2003 to the end of 2005 for the
main measuring lines of the convergence measurement profiles in shaft 1

There does, however, seem to be a stratigraphic influence because the convergence rates
measured in the Liniensalz (measurement horizons MH-554 and MH-652) have higher
deformation rates than the measurement results in other stratigraphic units. Nevertheless,
no elevated convergence rates were measured in the Liniensalz (z3LS) in MH-455. This
measurement can probably be attributed to the position of the Liniensalz in the core
of an anticline with underlying Orangesalz (z30S). In measurement horizon MH-554,
Orangesalz is also found higher up in the mine as well as to the south-east and north-
west. The convergence measurement profile 1-5, however, with the larger convergence
rates, is aligned with the strike of the Liniensalz. This finding would seem to verify the
assumption that the Liniensalz beds have a greater deformability. The presence of less

deformable Orangesalz would then have the effect of reducing the amount of deformation.

Figure 6.21 shows the calculated convergence rates for the main measuring lines of
the convergence measurement profiles installed in shaft 2. The convergence rates are
significantly higher in shaft 2, measuring horizon MH-331 where Orangesalz (z30S0O)
outcrops. The convergence rates of 1.0 mm/a to 1.5 mm/a are much higher than in the
other measurement profiles and also much higher compared to the convergence rates

in shaft 1 (cf. Figure 6.20).
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Figure 6.21: Average convergence rates during the period from the beginning of 2003 to the end
of 2005 for the main measuring lines of the convergence measurement profiles in
shaft 2

Negligible convergence rates were determined in measuring horizon MH-358 where
Bank/Bandersalz (z3BK/BD) crops out. The convergence rates determined for the other
exploration horizons are in the same range as those in shaft 1. As shown in Figure 6.21,
convergence rates in the Bank/Bandersalz appear to be depth-dependent. However, this
kind of increase in convergence with depth is not seen in any other parts of shaft 2.

Like the long-term stress measurements, the results of the extensometer and inclinometer
measurements in the shafts are also significantly affected by temperatures. Figure 6.22
shows an example of the influence of temperature on extensometer measurements.

Figure 6.22 shows the measured displacements relative to the perimeters of the shaft of
each of the measuring points of extensometer CG410E in exploration horizon EH-450
plotted alongside the temperatures recorded at the measuring points. These results show
significant seasonal fluctuations in the measured relative displacements which evidently
correlate very well with the seasonal fluctuation of the temperatures measured at the
perimeter of the shaft (head plate). Although similar measurement results are observed
in shaft 2, the range of fluctuations is smaller because of the higher temperature of the

ventilation air overall and the smaller temperature fluctuations.
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Figure 6.22: Measured relative displacements and temperatures at the CG410E extensometer in
exploration horizon EH-450 in shaft 1

This situation has already been discussed and interpreted in Chapter 6.3.1 “Long-term
stress measurements”, with a reference to the model calculations on the temperature

dependency of the measured stresses and deformations in Chapter 9.3.

Against this background, analysis of the measured deformation and stress changes re-
quires a moving average value of the measurement data calculated for a time period of
one year. This enables the long-term trends in the measured values to be determined.
The deformation of the sections is calculated based on the average values of the relative
displacements. These are not influenced by the seasonal temperature fluctuations as
shown in the example given in Figure 6.23 of extensometer CG410E in exploration horizon
EH-450 in shaft 1.

This diagram of the section deformations also reveals that the largest deformations are
in the rock mass close to the perimeter of the shaft (Section 1: 0.4 — 3 m). Much smaller
deformations are measured in the deeper parts of the rock mass. This finding is the same
in all of the exploration horizons in the shafts. It can therefore be assumed that the largest
deformations in the areas close to the perimeter of the shaft are attributable to loosening
up processes arising from the excavation activity during the sinking of the shafts.
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Figure 6.23: Calculated section deformations and measured temperatures at extensometer
CG410E in exploration horizon EH-450 in shaft 1

A notable aspect of the results from the extensometer measurements in shaft 1 is the
largely constant level of the values of the section deformations from 2004 onwards,
seasonal fluctuation having been eliminated — as shown, for example, in the section
deformations displayed in Figure 6.23, and also indicated to some extent in the measured
relative displacements in Figure 6.22. This finding is also seen in the extensometer
measurement results in shaft 2. However, this transition from rising deformation to constant
deformation came about earlier at the beginning of 2001. The moratorium means that this
finding cannot be attributed to mining activity. And the measured temperature plots show
that there was also no change in the mine ventilation (Figures 6.14 and 6.15). A possible
cause of this observation may be systematic influences or changes in the pre-evaluation
process (e.g. temperature correction). However, no suitable information has been made
available so far to evaluate and interpret the measurement data.

Another possible cause could be stress relocations linked to an excavation-damaged zone
in the rock mass close to the perimeter of the shaft. In this interpretation, the deformation
in the excavation-damaged zone close to the perimeter of the shaft would gradually
decrease until a new equilibrium was reached. This interpretation is basically supported
by the changes in deformation observed in the extensometer measurements. However,
a verifiable interpretation of these deformation data first requires additional analysis by
model calculations.
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The section deformations measured by the extensometers do not support the existence of
a depth-dependency of the rock mass deformations around the shafts. Nevertheless, the
section deformations at exploration horizon EH-650 in shaft 1 are much higher compared
to the other exploration horizons. Exploration horizon EH-650 in shaft 1 was installed in
Leinesalz (z3LS), whilst other stratigraphic units are exposed in the deeper as well as
the higher exploration horizons. Like the convergence measurements, the extensometer
measurements indicate that the Liniensalz (z3LS) in shaft 1 has a greater deformability
than the other stratigraphic units.

By way of contrast, much lower deformations in the extensometer sections close to the
shaft perimeter were observed in exploration horizon EH-370 in shaft 2 than in the deeper
exploration horizons. Caution is advised here because the installation of exploration
horizon EH-370 was delayed by two years. But the Bank/Bandersalz of the Leine-Folge
(z3BK/BD) seems to be more resistant to deformation and this also has an effect on the
results of the deformation measurements.

Much larger deformations of the extensometer sections close to the shaft perimeter are
observed in exploration horizon EH-760 in shaft 2. In this case, the fold axis occurring in
the vicinity of exploration horizon EH-760 could lead to greater deformation of this section

compared to the other exploration horizons.

Because the extensometer heads on the perimeter of the shaft are also part of the con-
vergence measurement profiles, it is also possible to compare the extensometer measure-
ments with the convergence measurements. This comparison looks at a total measuring line
in each case consisting of the measuring lines of the extensometers installed diametrically
in the exploration horizons and the associated convergence measuring lines. The relative
displacement of the two deepest extensometer measuring points is calculated as the
sum of the measured convergence and the measured displacement of the extensometer
measuring lines. By assuming that the deepest measuring points of the extensometers are
anchored in zones unaffected by any radial rock mass deformations, these can be initially
considered to be fixed points. This means that there should be no relative displacement
of the two deepest extensometer measuring points, and thus the sum of the convergence
and displacement of the extensometer measuring lines should be zero. The results of this
consideration of the extensometer and convergence measurements in the exploration
horizons in shaft 1 is shown in Figure 6.24.

The calculated relative displacements shown in Figure 6.24 reveal that rock mass de-
formations take place even in the zones measured by the deepest extensometer points
located around 20 m from the perimeter of shaft 1.
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Figure 6.24: Relative displacements at the deepest measuring points of extensometers installed
diametrically in the exploration horizons in shaft 1

The negative values for the relative displacement indicate a shortening of the total
measuring line. It can therefore be assumed that the rock mass deformations are aligned
radially to shaft 1. A general trend of increasing relative displacement with depth can be
observed. A similar result is shown by the convergence and extensometer measurements
in shaft 2 (Figure 6.25). Rock mass deformations in the deeper-lying rock zones can also
be observed here although they are slightly smaller than those seen in shaft 1.

The vertical displacements of the starting points and end points of the individual
inclinometer sections are calculated from the inclination changes recorded by the stationary
inclinometers. The results of the inclinometer measurements in shaft 1 (Figure 6.26) show
that most of the observation points dropped by a maximum of -7 mm from the time the
measurements began until the end of 2005. Conversely, the inclinometer boreholes in
an east-south-east direction in exploration horizons EH-550 and EH-650, as well as the
inclinometer borehole in the west-south-west direction in exploration horizon EH-550,
have risen by a maximum of 1 mm over the whole of their lengths or at least in zones
close to the shaft. Large rises in the observation points were recorded in the inclinometer
borehole in a northerly direction in exploration horizon EH-450. The upward displacement
of the perimeter of the shaft here is around 2 mm and initially increases to a maximum
value of approximately 3 mm at 7 m from the shaft. The amount of upward displacement
then decreases with increasing distance from the shaft until it reaches a value of 0 mm
at a distance of 20 m.
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Figure 6.25: Relative displacements of the deepest measuring points of extensometers installed

diametrically in the exploration horizons in shaft 2
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Similar findings are observed in the results of the stationary inclinometer measurements
in shaft 2 (Figure 6.27). However, more uplift than subsidence is registered in shaft 2. The
maximum subsidence in the zone close to the shaft is around -4 mm, whilst the maximum
uplift is around +4 mm.
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Figure 6.27: Vertical displacements determined from the inclination changes at the starting points
and end points of the inclinometer sections in shaft 2

No dependencies on depth or stratigraphy are observed in shaft 1 or shaft 2 for the
vertical displacements of the observation points derived from the stationary inclinometer
measurements. The results of the inclination change measurements seem to be much
more influenced by local variations in the structure of the rock mass or localised relocation
processes within the rock mass. It should be noted in this context that the vertical
displacements were calculated assuming that no deformation takes place at the deepest
points of the inclinometer boreholes located a distance of around 20 m from the shaft
perimeter. This assumption only allows conclusions limited to the individual exploration
horizon to be drawn and does not take into consideration any large-scale rock mass
deformations which could be caused by the drifting of the horizontal underground workings

or inclined underground workings, and which may lead to the tilting of the shaft.

The combined analysis of the extensometer and convergence measurements, however,
show that rock mass deformations also occur on a large scale in the part of the shaft
monitored by measuring instruments. The assumption that no deformation takes place
in the deepest parts of the inclinometer boreholes is therefore invalid. This means
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that additional measurements are required for a comprehensive analysis of the rock
mass deformations around the shafts, recording vertical distance changes between the
exploration horizons as well as tilting of the shafts.

Two fissurometers were installed in a south-eastern and western direction to observe
a joint system in exploration horizon MH-785 in shaft 2. The measured relative dis-
placements increased initially, but gradually approached almost constant values as shown

in Figure 6.28.
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Figure 6.28: Results of the fissurometer measurements in measuring horizon MH-785 in shaft 2

The largest proportion of the total displacement consists of the relative displacement in the
joint width direction (at the joint surface parallel to the shaft perimeter) in the south-eastern
perimeter (CG710F) and in the joint depth direction (at the joint surface orthogonal to the
shaft perimeter) at the western perimeter (CG720F). The measured joint apertures are
negative. The measurement results are interpreted as indicating the possible occurrence

of displacements in the tilted separating planes aligned towards the centre of the shaft.
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6.3.2 Exploration level

6.3.2.1 Temperature development

Figure 6.29 shows as an example the change in temperature over time for the measure-
ment points of three extensometers all installed in the floors of the exploration locations.
According to this, the head plate of the extensometer installed at EL2 (the western
infrastructure area in the vicinity of shaft 1) has an average annual temperature of 25 °C
close to floor level. In EL1 which is located in the eastern exploration area close to upcast
shaft 2, a slightly higher average temperature of around 28 °C is measured close to floor
level. The average temperatures in EL4, which is located a greater distance from the two
shafts, is around 32 °C in the head plate (near floor level) of the extensometer installed at
this locality. Seasonal temperature fluctuations are also identifiable at these measurement
points and are at their greatest in EL2 at 6 °C to 8 °C. These temperature fluctuations
are much lower in EL1 at approximately 3 °C to 5 °C. Temperature fluctuations in EL4
have a maximum of 3 °C and were only observed in the first three years from the start
of measurements. The near-floor temperatures were then basically constant. The clear
influence of the seasonal temperature changes can be noted in the location-dependent
temperature trends on the basis of the observed fluctuations in the measured values and
the different average temperatures. This influence decreases with increasing distance to
downcast shaft 1.

There are also major differences between the temperature trends in the deeper areas of
the rock mass (Figure 6.29). Examples are given for the temperatures of the extensometer
measuring points located around 30 m from the floor level. While the rock mass temperature
in EL4 only decreased by around 1 °C in the seven years from the time measurements
began, the rock mass in EL2 cooled down by approximately 2.5 °C during a six-year
measuring period. In EL1 the rock mass temperature decreased by around 11.5 °C since
measurements began around eight years previously. These measurement results clearly
show the rock mass in EL4 is cooling down much more slowly than in the other exploration
locations. This is explained by the rising average temperatures of the perimeters of the
underground workings with increasing distance to shaft 1 resulting in a lowering of the
temperature differences between the underground workings and the rock mass, and thus
reduced heat flows (cf. Chapter 6.3.1.1).
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Figure 6.29: Change in temperatures at the measurement points of the floor extensometers

installed in the exploration locations
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6.3.2.2 Determination of primary stress

Determination the rock stresses at the exploration level is exclusively based on short-
term stress measurements in EL1. More than 30 overcoring tests were carried out and
evaluated here in a vertical borehole and two inclined boreholes in the floor of the explo-
ration location, and in two horizontal measurement boreholes in the walls of the under-
ground workings.

Figure 6.30 shows an example of the change in diameter over time of the pilot borehole in
an overcoring test in EL1. The measurement plots show the characteristic curves for the
overcoring tests in ductile rock salt. The significant pilot borehole convergence occurring
at the start of overcoring indicates the relatively high rock stresses associated with the
great depth of the measurement location at around 840 m.
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Figure 6.30: Example of an overcoring test in EL1

The overcoring tests indicate that an almost isotropic rock stress is present at explor-
ation location EL1. Most of the measurements show that it is valid to assume a depth-
dependent lithostatic primary stress state. Afew measurements, however, indicate stress
values which are smaller than the theoretical lithostatic pressure. These differences can
presumably be explained by the influence of different stratigraphic units at exploration
location EL1, and the associated differences in material behaviour — particularly the creep
behaviour.
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Hydro-frac measurements in horizontal measurement boreholes were also carried out
in the walls of the underground workings at EL1 in addition to the overcoring tests (BGR
method). The results of the two measuring techniques are compared by comparing the
minimum rock stresses determined from the measurements (Figure 6.31). These stresses
are derived; on the one hand; from the resting pressures measured in the hydro-frac tests,
and on the other hand, from the stress ellipses determined orthogonal to the borehole
axis by the overcoring tests. Figure 6.31 shows good correspondence between the results
from the two measuring techniques for the measurement boreholes to the south of the
exploration location (RB114 and RB118 in Figure 6.11). However, the minimum stresses —
particularly in the forward parts of the boreholes with depths of around 20 m — are smaller
than the analytically calculated overburden pressure assuming a uniform density of 2.1 t/m?3
for the rock mass.
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Figure 6.31: Comparison of the minimum stresses derived from the overcoring tests and the
hydro-frac measurements

The minimum stresses determined by the hydro-frac tests correspond well with the
theoretical overburden pressure in the northern measurement boreholes in EL1 (RB113
and RB265 in Figure 6.11). However, the minimum stresses determined from the overcoring

tests at this location are much lower than the overburden pressure.
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6.3.2.3 Measurement of long-term stress changes

The long-term stress measurements at the exploration level were also restricted to EL1.
Three measurement boreholes were spatially aligned to converge on the same point
beneath the exploration location so that the deepest points in the three boreholes are
essentially at one point. The monitoring stations installed in these boreholes can be
roughly considered to have one shared measuring point. This arrangement and the relative
measurement directions of the individual pressure cells make it possible to record the
spatial stress state beneath the exploration location. Two more installation boreholes were
drilled in the walls of the exploration location in a roughly horizontal alignment (dipping
approximately 5°). Stress monitoring stations were installed at the deepest points of
both of these boreholes to record the stress components in the plane orthogonal to the
borehole axis.

In the floor of the exploration location, there is a good correlation between the measured
stress changes in the three measurement boreholes — with the exception of a few pressure
cells which probably began to function imperfectly over the course of the measuring period.
Figure 6.32 shows, as an example, the trends over time of the measured stress changes
in measuring borehole RB116 (cf. Figure 6.11).

The measured stress changes reveal a certain amount of seasonality with a relatively
low amplitude of at most 0.1 MPa, which is attributable to the seasonal change in the
temperature of the mine ventilation air. The small size of these fluctuations means that
no correction of the measured values is required.

The stress change trends over time as measured in the floor of EL1, and shown in Figure
6.32, initially indicate a significant increase in stresses after installation of the stress
monitoring stations at the end of 1998, until reaching maximum values between 2.5 MPa
and 3 MPa after a few months. The stresses then decrease from this point in time to
reach values between 1.8 MPa and 2.2 MPa in the middle of 2006. This stress change
over time can be attributed to two counteracting processes taking place in the rock mass.

Firstly, there is the creep of the rock mass, which gradually results in complete friction
locking of the stress monitoring stations with the rock mass. Over time, the creep of the
rock salt causes the convergence of the measurement borehole and thus a continuous
rise in stresses recorded by the pressure cells. This process continues until equilibrium
is reached between the rock stresses and the sensor pressure at the measuring location.
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Figure 6.32: Stress changes in the floor of EL1

Secondly, the cooling down of the rock mass caused by the mine ventilation air gives rise
to a contraction and thus to stress release which counteracts the stress increase. Because
of the temperature gradients, the cooling down at the beginning of the measuring period
is relatively large — and therefore also the stress release. Over time from the date of their
construction, the cooling down in the underground workings decreases continuously until
a stationary temperature distribution is reached. The stress release therefore approaches
the stationary end value along an asymptotic curve. This relationship is shown in Figure
6.33 by a qualitative plot of the increase in stress as a result of rock salt creep, of the
stress release caused by contraction of the rock mass as a result of cooling down, and
of the resulting stress changes over time.

The trends both stress increase and stress release are assumed to be degressive although
at different rates of change. This allows the construction of a plot similar to the measured
stress change (cf. Figure 6.32) — stress increase up to a local maximum and subsequent
stress release. Figure 6.33 also shows that as time passes from the date of excavation, the
resulting stress changes can increase again if the stress release has reached a constant
end value (stationary temperature field, and no further cooling down) and the creep of
the rock mass continues unabated.

This model should be verified by model calculations, but can only be validated by long-
term observation of the measured stress values.
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Figure 6.33: Qualitative stress change beneath EL1

The stress monitoring stations in the walls of EL1 reveal a similar development in the
change in measured stresses (Figure 6.34) to the stress monitoring stations in the floor.
However, the rise in stress at the start of the measurement period is much lower in the
walls of EL1, and the maximum stress changes were not reached until 2001 to 2002. In
general, it is again assumed here that the counteracting effects of creep-related stress
increase and cooling-related stress release are involved. Because of the relatively minor
and approximately linear decrease in temperature over time, the plots of the measured
stress changes in the walls are flatter than in the floor of EL1.

Figure 6.34 also shows that the stress changes in the stress monitoring station CP015L
located to the south of EL1 are higher than the stress changes in the northern wall
(CP0O14L). Overall, stress changes measured in the horizontal boreholes are very low,

with maximum values of 4.4 MPa.

6.3.2.4 Deformation measurements

The convergence measurement profiles installed in the exploration area and in the
infrastructure zone were able to cover almost all of the stratigraphic units in the Stal3furt-
Folge and the Leine-Folge. However, no convergence measurement profiles were installed
in areas with exposed Stallfurt potash seams (z2SF) or Hauptanhydrit (z3HA).
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Figure 6.34: Stress changes in the walls of EL1

To compare the convergence measurement results, Figures 6.35 and 6.36 show the
deformation rates of the vertical convergence measuring lines as averages for 2003 to
2005. Figure 6.35 shows the results at the exploration area, and Figure 6.36 shows the
deformation rates in the infrastructure area.

The highest deformation rates measured in the exploration area are in the measurement
profiles with exposed Knauelsalz in the Stal¥furt-Folge (z2HS1). The convergences
measured in these zones also produce the highest values. Deformation rates then de-
crease significantly in the Streifensalz (z2HS2) and the Kristallbrockensalz (z2HS3), and
are smallest in the beds of the Leine-Folge (z3). The deformation rates determined for
the infrastructure area, and shown in Figure 6.36, should be looked at to analyse the
deformation behaviour of the Leine-Folge. In general, there is a decrease in deformation
rates from the stratigraphically older Liniensalz (z3LS) to the younger Bank/Bandersalz
(z3BK/BD).

The measured convergences in the measurement profiles in exposed Anhydritmittelsalz
(z3AM) indicate slightly different behaviour. The deformation rates determined in this
youngest unit of the Leine-Folge are larger than those of the geologically older z3BT and
z3BK/BD units. The measured deformation properties of the Anhydritmittelsalz are more
analogous to those of the Orangesalz (z30S). The interbedded anhydrite layers probably
make the rock easier to deform. The absence of in-situ investigations and laboratory tests
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need to be carried out to unequivocally clarify the influence of the anhydrite layers on the

geomechanical behaviour of the Anhydritmittelsalz.
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to date mean that this theory can neither be proved nor disproved. Further investigations
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The convergence measurements register changes in the distances between opposing
measurement points on the perimeters of underground workings. In the case of the vertical
convergence, it is not possible to ascertain what proportion of the convergence is due
to subsidence of the roof or rising of the floor. This requires additional measurement
data to be collected from underground height measurements to enable the deformation
measurements to be completely interpreted. These additional data are collected as part
of the mine surveying work carried out in the underground workings.

Extensometer measurements at the exploration level are limited to the exploration
locations. The extensometer measurement data are influenced by seasonal fluctuations
in the temperature of the ventilation air in EL1 and EL2 in particular. This effect is shown
by the examples of measured profile deformations in Figure 6.37. This is why analysis of
the long-term deformation trends at each measurement location are based on average
deformation calculated for a period of a year (Figure 6.37).
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Figure 6.37: Section deformations at extensometer CGO11E in EL2

The deformations of the rock mass in EL1 and EL2 are relatively low and largely occurin the
zones close to the perimeters of the underground workings. Only very minor deformations
are recorded at larger distances to the underground workings. The deformation taking
place close to the perimeters of the underground workings is thought to be attributable to
excavation damage processes. However, a degressive increase in the deformation close
to the sides of the cavities, gradually approaching constant values, has been detected. It
therefore appears that a new equilibrium is developing in the region of EL1 and EL2 as
time passes from the active excavation of the underground workings.
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A comparison of the extensometer measuring results shows that the rock mass defor-
mations occurring in the sections of the roofs and floors in EL1 close to the perimeter are
around twice as high as the analogous section deformations in EL2. The deformation of
the sections close to the perimeter in the horizontal measuring direction is of the same
order of magnitude. EL1 was excavated in Unteres Orangesalz (z30SO) whilst EL2 was
primarily excavated in the younger stratigraphic units of the Leine-Folge. Based on the
creep properties of the in-situ rock salts determined by laboratory tests, the deformation in
EL1 should actually be larger than in EL2. This, however, is not the case in the deformation
in the horizontal direction, but only in the deformation in a vertical direction. The influence
of petrography therefore seems to be only of minor importance as for this finding. The
causes are therefore thought to have more to do with the degree of excavation because
EL1 is only affected to a minor degree by other underground workings, whereas EL2 is
influenced by several drifts with both horizontal and vertical cavities.

EL4 excavated in the Hauptsalz (z2HS) highlights the importance of petrography and
the creep properties of the in-situ rocks with respect to rock mass deformation. Although
the geometrical situation of EL4 is quite similar to EL1. EL4 is affected by much greater
deformation than EL1. The convergence measurements confirm the high ductility of the
Knauelsalz in particular (z2HS1), as shown by the measurement results in Figure 6.38
compared to Figure 6.37. The section deformations in EL4 are approximately 30 to 100
times higher than the section deformations determined at other exploration locations.
Moreover, the extensometers installed in EL4 measured extensions in all sections for the
whole measuring time period.
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Figure 6.38: Section deformations of extensometer CG104E in EL4
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No seasonal fluctuations are seen in the deformation recorded by the extensometer
sections in EL4 because the seasonal temperature fluctuations of the ventilation air
are much lower compared to the measurement locations close to downcast shaft 1
(cf. Chapter 6.3.2.1). Moreover, the average rock mass temperatures at the perimeters of
the drifts are around 7 °C higher, which means that the temperature differences compared
to the deeper-lying parts of the rock mass are lower, and cooling down of the rock mass
takes place much more slowly.

Degressive increase was still observable until mid-2006 in the deformations of the exten-
someter sections in EL4. Constant deformation rates, which suggest steady-state creep
processes within the rock mass, had still not been reached at this stage, but will probably

establish themselves in the next few years.

The deeper rock zones in EL4 (extensometer sections 2 and 3 in Figure 6.38) also indicate
a not inconsiderable contribution to the total deformation in the measuring zone. These
are even significantly higher than the section deformations in EL2 measured zones close
to the perimeters of the excavations. The deformation measured here is therefore only
attributable in small part to the excavation-damaged zone, and is mainly caused by the
creep deformation of the extremely ductile beds in the Hauptsalz which are presentin EL4.

The convergence measurement profiles in the exploration locations are combined with
the extensometers installed in the same places. The extensometer heads here are the
measurement bolts for the convergence measurements. The combined analysis of the
extensometer and convergence measurements reveals that the deepest extensometer
measurement points (distance of around 20 m to the perimeters of the drifts) have
undergone displacement and must therefore not be considered as fixed points. This de-
formation of the parts of the rock mass located further from the underground workings
makes a not inconsiderable contribution to the drift convergence, particularly in EL4.

This combination of convergence and extensometer measurements is only possible in
a few vertical measuring planes in the exploration locations. There is no connection
between these measuring planes and the rest of the underground workings or to the
other exploration locations. This means no extrapolation is possible on the absolute
horizontal or vertical displacements of the measurement locations. The additional mine
surveying measurements to determine absolute displacements — such as underground
height measurements, network measurements or polygonisation — are therefore con-
sidered indispensable.

The fissurometer measurements at the exploration level are exclusively conducted
to monitor the deformation of the Gorleben Bank (z30SM), which is described in
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BorNEMANN et al. (2003) as a remarkable horizon consisting largely of anhydrite and with
a thickness ranging from several centimetres to a few decimetres. It consists of several
zones containing joints and clay layers with displacement zones, and is characterised by
different degrees of salt-tectonic deformation. The displacement zones were reactivated
by the deformation of the rock salt caused by the drifting of the cavities. The petrography
and significance of the Gorleben Bank and the surrounding beds in the geological system
are described in detail in BAUERLE et al. (2000). 21 single fissurometers were installed in
total to monitor the Gorleben Bank. In most cases, two single fissurometers are combined
into a fissurometer arrangement (FA).

The fissurometer measurements revealed no displacements indicating the opening of
the Gorleben Bank. The dominant features are shear deformations in the plane of the
Gorleben Bank which are mostly aligned orthogonal to the cavity perimeters and therefore
point into the cavities. This finding is shown in Figure 6.39 by the resulting displacement
vectors of the individual fissurometer points.

Fissurometer measurements
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230SM (Gorleben-Bank)

Structural elements
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Figure 6.39: Resulting displacement directions of the Gorleben Bank (z30SM)
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One can assume from these results that the measured displacements were initiated by
the excavation of the underground workings. The rate of the deformation declines in the
long term so that the displacements asymptotically approach a final value whose size is
determined by the conditions at each of the measurement locations. This interpretation

is supported by the degressive development of the measured displacements.

7 Rock-hydraulic investigations

The hydraulic characterisation of the Gorleben salt dome is carried out using a range of
investigation methods to determine the hydraulic properties of the rock salt. The methods
which were used and the results are described in detail in a final report (Nowak & WEBER
2002).

The barrier effect of salt structures is attributable to the almost complete absence of
interconnected pore space systems. The connected pores and (micro)joints, which
negatively affect the barrier properties of the rock mass are localised and only occur
rarely in rock salt. Anhydrite rocks, on the other hand, are frequently jointed. The hydraulic
characterisation of the Gorleben salt dome as an overall geological structure therefore
has to take into consideration the spatial distribution of tight rock salt, dilatant zones in
the rock salt, jointed anhydrite, and isolated occurrences of fluids. Hydraulic borehole
tests were carried out in the exploration boreholes for this purpose. Measurements were
also carried out in short boreholes which were specifically drilled to test the excavation-

damaged zones.

The hydraulic properties of the rock mass are characterised by two parameters: per-
meability and porosity. This requires the determination of the position and extent of isolated
occurrences of fluids, and confirmation of the isolation of the anhydrite from the excavated
areas.

7.1 Permeability measurements

Hydraulic borehole tests are carried out to determine the permeability of a rock in a rock
formation. The principle behind the different borehole test methods is to inject a test fluid
with known viscosity and compressibility into the pore space of the rock to be tested,
or to extract it from the rock, and to register the fluid pressure in the borehole in the
process. Permeability of the rock can be determined from the change in pressure over
time. Pulse tests are particularly good at determining the permeability of tight rocks. This
borehole measuring method involves using packers to hydraulically isolate a test interval
from the rest of the borehole; establishing a specific (initial) pressure in this interval; and
then sealing off the interval. The pressure in the test interval, which is higher than the
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pressure in the rock, causes the fluid to flow into the pore space of the rock mass leading
to pressure equalisation. Measured changes in pressure over time in the test interval are
then used to calculate the permeability.

The test thus determines an upper limit for the permeability of the rock surrounding the
tested borehole interval. Figure 7.1 shows, as an example, the processed measurement
values of a test and the calculated pressure plots for permeabilities ranging from 102 m?
to 10" m2. On the brown curve, the processed measurement values indicate a pressure
of 3.66-10° Pa after 300,000 seconds (approx. 3.5 days) from the start of the test. If the
rock mass had had a higher permeability, for instance of 10-'* m? (green plot), the pressure
at this point in time would already have dropped down to 2.9-10° Pa. A comparison of
the processed measurement values and the calculated pressure plots indicates that the
permeability of the rock mass in the test interval is lower than 5-102° m? (orange curve).
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Figure 7.1:  Test evaluation example

711  Methodology

Hydraulic borehole tests with a range of equipment were required to hydraulically character-
ise the salt barrier at the Gorleben site. These addressed the issues to be studied and
provided the various necessary borehole lengths and diameters. The tests were carried
out in various stratigraphic units. The measurements carried out in the exploration bore-
holes served to characterise the rock salt mass, whilst the tests in the short boreholes
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were carried out to characterise the excavation-damaged zone around the underground
workings.

The first measurements in the exploration boreholes were undertaken with a test apparatus
consisting of two hose packers joined together to create a double packer to isolate a test
interval of 1 m. The subsequent measurements were carried out with two different sets
of test equipment configured for a continuos measurement. Double packers were again
used here, but the test interval could be modified up to a length of 10 m using a variable
interval string. Figure 7.2 shows the test apparatus used in the Gorleben exploration mine.
The technical specifications are described in Nowak & WEBER (2002).

The sensors in the integrated measuring probe positioned in the interval can measure
pressures up to 6 MPa and temperatures between 20 °C and 70 °C from directly within
the borehole. An overpressure of around 0.5 MPa is created in the interval after setting
the packer.

Figure 7.2: Permeability testing equipment (probe — data station — wireline cable)

A special test apparatus for smaller diameters was used for the short borehole tests: a
pneumatically set double packer with a test interval of 0.1 m and single packers were used.

7.1.2 Investigations in exploration boreholes

Hydraulic borehole tests in the halite of the Leine-Folge (z3) and the transition z2/z3
were needed to evaluate the permeability of the rock surrounding the infrastructure area.
However, in case the Gorleben salt dome is found to be qualified no disposal of heat-
generating radioactive waste is envisaged in these stratigraphic units. Evaluation of the
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permeability of the rock mass in Exploration area 1 mainly requires tests in the Haupt-
salz incorporating the Kristallbrockensalz (z2HS3), the Streifensalz (z2HS2) and the
Knauelsalz (z2HS1). A disposal of heat-generating radioactive waste will take place in
the Hauptsalz in case that the Gorleben salt dome is found to be qualified for this purpose.

7.1.2.1 Exploration area 1 (EB1)

The permeability measurements in EB1 were carried out in one exploration borehole until
the start of the moratorium. Pulse tests with magnesium chloride brine were carried out
in four test intervals. The new measuring equipment was put into use after these tests
had been completed. Pulse tests with nitrogen were then carried out in six test intervals.
The pulse pressures in all of the tests were around 0.5 MPa. All of the test intervals were
within the Streifensalz (z2HS2).

The upper limits of the rock mass permeability in the borehole intervals tested using
magnesium chloride brine lay between 2:10-2° m? and 5-102° m2. These borehole intervals
were then tested again using the new measuring equipment, larger intervals, and nitrogen
as the test fluid. These tests found upper limits of rock mass permeability for the tested
boreholes of between 2:102" m? and 5-10%2 m2.

The facies variations in the tested Streifensalz sequence do not have any significant influ-
ence on the measured permeabilities. Because of the moratorium on further exploration
work, no tests were carried out in the Kristallbrockensalz (z2HS3) or in the Knauelsalz
(z2HS1). Additional investigations are required because the data produced to date are
inadequate to characterise the hydraulic properties of all stratigraphic units in EB1.

7.1.2.2 Infrastructure area

Ten hydraulic borehole tests with the first test apparatus were carried out in one exploration
borehole in the infrastructure area. The measurements were carried out as pulse tests
with initial pressures of around 0.5 MPa, using MgCl, brine as the test fluid. Testing was
carried out in the rock salts of the Stal¥furt and Leine-Folge incorporating the Streifensalz
(z2HS2), the Kristallbrockensalz (z2HS3), the Hangendsalz (z2HG), the Kieseritische
Ubergangsschichten (z2UE), the Kalifloz StaRfurt (z2SF), the Liniensalz (z3LS) and the
Basissalz (z3BS). These tests produced upper limits for the permeability of the rock mass
between 10 m? and 5-10-** m2. Hydraulic borehole tests using the new equipment were
carried out in another exploration borehole. The tests were carried out as pulse tests with
initial pressures of around 0.5 MPa, using nitrogen as the test fluid. Whilst the borehole
was being drilled, there was a limited outflow of gas and condensate after drilling through
the Gorleben Bank (z30SM). The next section penetrated by the borehole consisted of
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strongly deformed rock in the Unteres Orangesalz (z30SU) to Liniensalz (z3LS) sequence
including numerous joints healed with halite. Four tests were carried out in this zone and

produced upper limits of the rock mass permeability of between 5-102' m? and 10-'® m2,

Another test was deliberately targeted at a healed joint partially filled with clear halite and
partially by carnallite in the interstitial spaces. The upper permeability limit produced by
this test was 5-1022 m2,

Another test, which also produced an upper permeability limit of 5-1022 m?, was carried
out in a halite/anhydrite zone interpreted as the end product of the totally altered (pinched
out) Kalifléz Stalfurt (z2SF). The pinched out Kalifloz Stal3furt (z2SF) is underlain by
a Liniensalz (z3LS) syncline with strongly thinned out Basissalz (z3BS) on the flanks.
The permeability upper limit determined here was also 5-10%2 m2. Another measurement
conducted in the transition from z2 to z3 produced a permeability upper limit of 5:10-'° m2.

7.1.3 Investigations in short boreholes

Tests were necessary at various locations in short boreholes (length 3 —4 m) to investigate
the influence of different types of salt and geometrical conditions on the permeability of
potential excavation-damaged zones. Borehole tests of this nature were be carried out
at one location in the Oberes Orangesalz (z30SO) before the start of the moratorium.
The three tested boreholes were drilled orthogonal to the perimeter of the cavity along
an almost horizontal line with a separation of around one metre. The middle borehole
was sealed with a single packer and equipped with apparatus to measure the change in
pressure over time. Pulse tests with compressed air were carried out in parallel in the two
adjacent boreholes to the right and left. Nine intervals of 0.1 m length were tested with a

double packer up to a distance of 1.2 m from the mouth of the borehole.

None of the tests indicated any connections between the boreholes. The permeabilities
determined by the tests were in the lower range of values determined at other locations
and used for comparison. No significant dilatancy of the rock salt was identified in the
measured borehole intervals beyond 0.3 m from the perimeter of the cavity. Figure 7.3
shows the permeabilities determined from these tests together with the figures published
in StorMONT (1997) for the Waste Isolation Pilot Plant (WIPP) in Carlsbad (New Mexico).

The distance from the cavity perimeter in this diagram is standardised to the effective
radius r of the cavity with the cross-sectional area A defined by StorMonT (1997). The
values determined for the Gorleben exploration mine thus appear to be small compared
to the in-situ measurement results from other locations.
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Figure 7.3: Permeability measurements in the excavation-damaged zone in the Gorleben
exploration mine and in the WIPP site

7.2 Estimating the volumes of isolated occurrences of fluids

Some exploration boreholes encountered isolated occurrences of fluids in the halite of the
Leine-Folge (z3) and the transition z2/z3 outside of the potential disposal areas. Pressure
and outflow measurements were carried out in these isolated occurrences of fluids. The
data acquired in this way were used in a material balance calculation to determine the
total volume of the isolated fluids (gas and brine) in terms of a range between a minimum
and a maximum existing volume.

7.21 Formulation and calculation of the material balance equation

The principle behind material balance calculations is that the withdrawal of a volume
of fluid from an isolated occurrence causes a drop in the pressure of a magnitude
dependent on the properties of the fluids and on the fluid volume. The volume of the
isolated occurrence of fluids can be calculated by measuring the decline in pressure
within this occurrence caused by the withdrawal of fluid. The formulation of the material
balance and calculation of the volume of the isolated occurrence of fluid are discussed
in detail in Nowak & WEBER (2002).
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When an isolated occurrence of fluids was encountered by a borehole, at least two
outflow measurements were carried out, each with a prior and subsequent stabilised
pressure measurement. Figure 7.4 shows an example of the measurement procedure in
an exploration borehole which encountered gas and brine.

24/11/1997 - .
25111/1997 11:15 <« Initial pressure measurement and flow phase

26/11/1997 02:30
1%t stabilised pressure measurement
01/12/1997 1 01/12/1997 08:45

<«— 1% controlled flow phase
02/12/1997 17:55

2" stabilised pressure measurement

08/12/1997 -
08/12/1997 20:40

15/12/1997

> 2" controlled flow phase

22/12/1997
23/12/1997 11:50

_/
} 3 stabilised pressure measurement
27/12/1997 10:30

Figure 7.4: Example of the measurement procedure carried out in an exploration borehole

The volume of fluids encountered by the exploration borehole is determined by first putting
the outflow and pressure data from the first outflow measurement into the material balance
equation. An initial gas/brine ratio m is estimated and used to calculate the initial total
volume of fluids.

The gas/brine ratio at the start of the second flow phase is derived from the initial gas/
brine ratio, the initial brine volume and the volume of brine produced during the first flow
phase. The total volume of fluids is then calculated again with the outflow and pressure
data from the second flow phase. The result is considered to be accurate if the fluid
volumes calculated for the first and second flow phases match, and the following ancillary
conditions are satisfied:

= Ratio m must be larger or equal to zero (m = 0)

= The calculated initial brine volume in the occurrence of fluids (under standard
conditions) must be larger than the total brine outflow volume (V, > 2V|))

. The given change in initial brine volume under standard conditions during a
flow phase must be equal to the brine volume produced during this flow phase

AV, = VLp)
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In the material balance calculation, the measured pressure and outflow data are varied
within ranges reflecting the measuring accuracy, and the gas/brine ratio m is set to the
values which yield the minimum and maximum possible total volume of fluids.

The maximum value for the volume of the occurrence of fluids is arrived at when the
occurrence of fluids contains no (free) gas phase before being opened up by drilling, in
other words, all of the gas is initially dissolved and does not escape until the pressure in
the reservoir drops (m = 0). Based on a dataset from an exploration borehole, Table 7.1
summarises, as an example, the ancillary conditions and the total volume of fluids calculated
from the pressure and outflow measurements. The ancillary conditions highlighted with a
grey background are those for the maximum value. The equation system in this case has
solutions for a total volume of fluids up to around 2500 m?.

Table 7.1: Material balance for the maximum value in an exploration borehole

Max. AC Min. Vies [M*] | VIBL M | VL [m%] |VeBg [m%]| m [

po [MPa] 18.00 |1850 =2p, [MPa]2 18.00
Vepo [M’] 0.62 0.62 = Vg, [M7]2 0.52 2538.7 2538.7 2545.0 0.0 0.000
Vipo [M’]  32.39| 3239 =2V, [m]z 3239

p: [MPa] 5.80 9.89 2p; [MPa]2 5.10
Vep1 [M*] 1192.0| 11920 2Vg,y M2 3445 2538.7 2510.7 25126 28.0 0.011
Vipr M 56.91| 56.91 2V, [m]z  56.91

p, [MPa] 1.52 1.52 2p, [MPa]2 0.90
Vepz [M*]  374.07 | 552.00 2Vg,, [m’]= 346.70 2538.7 2455.3 2455.7 83.5 0.034
Vipz [M*]  2045| 2045 =2V, [n’]z 2045

ps [MPa] 0.97 0.97 2p; [MPa]2 0.63

Veps [M’]  661.29 | 94820 =Vg,3 [Mm’]2  629.8 2538.7 2435.0 2435.3 103.7 0.043
Vips [M] 4474 | 4474 =2V, M’z 44.74
ps [MPa] 0.32 0.37 >p, [MPa]> 0.31 2538.7  (mean value)

The minimum volume for the same dataset is obtained when the largest possible volume
is occupied by free gas in the occurrence of fluids before being opened up by drilling. For
the dataset shown above, an initial minimum volume of 193 m? brine under standard con-
ditions must be assumed. Table 7.2 summarises the ancillary conditions and the total
volume of fluids calculated from the pressure and outflow measurements. The constraining
ancillary conditions for the minimum value are shown in each case highlighted by a grey
background. The minimum value for the total volume of fluids is around 200 m?.

According to these maximum and minimum value, the total volume of fluids in this
occurrence penetrated by the exploration borehole is between 200 m?3 and 2500 m?3.
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Table 7.2: Material balance for the minimum value in an exploration borehole

Max. AC Min. Vees [M7] | VIBL [M%] | VL MY | VeBe [m%]| m [

po [MPa] 1850 |18.50  =p, [MPa]> 18.00
Vepo [M’] 0.52 0.62 Vg, [m* 2 0.52 203.1 192.5 193.0 10.6 0.055
Vipo [M] 3239 3239 =V, [m= 3239

p: [MPa] 5.10 9.89 2p, [MPa]2 5.10
Vept [M*] 791.13| 11920 2Vg,1 [MY]2 3445 203.1 160.5 160.6 42,6 0.266
Vipr [m*]  56.91| 56.91 2V, [m]z  56.91

p2 [MPa] 1.50 1.52 zp, [MPa]= 0.90
Vepz [M*]  346.70| 552.00 2Vg, [M*]2  346.70 203.1 103.7 103.7 99.5 0.959
Vipz [M*]  2045| 2045 2V, [m]z 2045

ps [MPa] 0.97 0.97 2p; [MPa]2 0.63

Veps [M?]  629.80 | 94820 =2Vg,s M2  629.8 203.1 83.2 83.3 119.9 1.440
Vips [M%] 4474 | 4474 2V,; [z  44.74
ps [MPa] 0.33 0.37 >p, [MPa]2 0.31 203.1  (mean value)

7.2.2 Necessary measurements

It is not uncommon for salt domes to contain isolated occurrences of fluids. If a borehole
penetrates such an occurrence, the measurement of the initial pressure alone can verify
that the occurrence of fluids is isolated and no connection to an aquifer outside the salt
dome exists. Figure 7.5 shows the two possible cases: an isolated occurrence of fluids
and a non-isolated occurrence of fluids.

Isolated occurence of fluids Non-isolated occurence of fluids

Petrostatic pressure pps(z): Hydrostatic pressure pps(z):
Pps (840 M) = pg-g'z~ 18.5 MPa Phs (840 m) = p.'g'z~ 11 MPa

Figure 7.5: Isolated and non-isolated occurrence of fluids

In isolated occurrence of fluids, the creep capacity of the ductile rock salt means that over
long periods of time, the pressure in the occurrence of fluids will be the same as in the
surrounding rock mass. The pressure in an isolated occurrence of fluids is therefore the
same as the petrostatic pressure. If an aquifer outside of the salt structure has a pressure
of 11 MPa, it is not possible for the pressure in a non-isolated occurrence of fluids at the
same depth to have a higher pressure. A higher pressure than the hydrostatic pressure

therefore verifies the isolation of an occurrence of fluids.
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7.2.2.1 Stabilised pressure measurements

Measured pressures and outflow volumes are used to determine the volume of an
occurrence of fluids by means of a material balance calculation. This requires determination
of the two unknown parameters: initial gas volume and initial brine volume. Because the
material balance for the two unknowns is only based on one conditional equation, it does
not produce a unique result. The highest possible degree of accuracy should therefore
be aimed at in the stabilised pressure measurements. The Horner graph can be used to
extrapolate the measured pressure at the borehole head to the average pressure in the
occurrence of fluids. In this approach, the change in pressure is shown against the time
function derived from the duration of the pressure build-up phase t and the duration of
the preceding flow phase t:

In(#j (7.1)

The longer the pressure build-up, the smaller the time function becomes, and at a value
of zero, the sought after pressure in the occurrence of fluids can be read off. Figure
7.6 shows, as an example, the third stabilised pressure measurement in an exploration
borehole which encountered an occurrence of fluids, firstly plotted against real time, and
secondly as a section of the pressure curve against the Horner time function.

3 stabilised pressure measurement 3" stabilised pressure measurement
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Figure 7.6: Stabilised pressure measurement plot against real time and against the Horner time
function

The extrapolation of the Horner graph shows that the sought after average pressure in the
occurrence of fluids is around 7.1-10° Pa after the prior outflow phases. The last measured
pressure can be taken as the minimum value, and in this case it was around 6.95-10° Pa.
This range in values is applied in the material balance to determine the volume of fluids.
The larger the range applied, the larger the range of possible values for the initial gas/
brine ratio m. A larger fluid volume is calculated when the pressure change during the
flow phase is low.
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7.2.2.2 Outflow measurements

The outflow rates from the exploration boreholes which encountered an occurrence of
fluids were monitored either continuosly or discontinuosly. In case of continuos outflow
monitoring a separator was used. The separator was used for the interim storage of
the outflowing fluids until the brine had been largely degassed and the different phases
had separated out. In case of discontinuos outflow monitoring the outflow rates were
interpolated such that a lower, a medium and an upper cumulative outflow volume could
be derived.

Figure 7.7 shows, as an example, the measured brine outflow rates in an exploration
borehole and the cumulative brine volumes during the flow phases calculated from these
measurements.
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Figure 7.7:  Brine outflow rates and cumulative brine outflow in an exploration borehole

The trend of the outflow rate between two measurements in an open borehole must be
interpolated to determine the cumulative volume of fluid produced during the flow phase.
The medium cumulative volume is derived when the rate of the preceding measurement
is assumed for the first half of the time period between these measurements, and the
rate of the following measurement is assumed for the rate during the second half of the
time period between the measurements. An upper estimate of the cumulative volume can
be calculated when the higher flow rate from the neighbouring measurements is applied
for the unmonitored time periods — a lower estimate can be calculated by applying the
respective lower values. The range derived from the upper and lower estimates was taken
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into consideration in the material balance to determine the possible total fluid volume in
the occurrence. The larger the range of the values for the outflowing volumes, the larger
the range of values for the calculated initial gas/brine ratio.

7.2.3 Size of the penetrated isolated occurrences of fluid

Investigations to determine the occurrence of fluids in the Gorleben salt dome were
carried out based on the above theoretical and methodological principles. The stratigraphic
horizons in which occurrences of fluids were encountered were also evaluated. This
analysis only looked at the beds in Zechstein 2 and Zechstein 3 up to Anhydritmittelsalz
(z3AM), because the younger Zechstein horizons were not penetrated during the

underground exploration.

7.2.3.1 Occurrences in the Zechstein 3

Occurrences of fluids in Zechstein 3 are only expected in beds which primarily consist of
anhydrite and where reservoirs related to joints and strata can form. However, a disposal
of heat-generating radioactive waste in Zechstein 3 in case the Gorleben salt dome is
found to be qualified is not envisaged anyway, though occurrences of fluid are expected
only in specific horizons.

This involves the following stratigraphic units:

= The anhydrite beds 1, 7 and 9 in the Anhydritmittelsalz (z3AM)
= The Gorleben Bank (Mittleres Orangesalz, z30SM)

= The Hauptanhydrit (z3HA) with accompanying beds: Gebanderter Deckanhydrit
(z2GA) to Leine Karbonat (z3LK)

Anhydritmittel (anhydrite beds) 1, 7 and 9 consist of anhydrite layers with thicknesses of
about 0.2 to 2.3 m. Taking into consideration that these beds are not continuous but have
been strongly boudinised by salt tectonics — in other words, sheared into separate blocks
a few metres long with no connection to one another — the isolated occurrences of fluids

here can only be in the order of a few litres.

The Gorleben Bank largely consists of a tightly bedded anhydrite layer. Occurrences of
fluids are associated with the Gorleben Bank itself, and with secondary healed joints and
crystallisation zones in the immediate surroundings. In the explored part of the salt dome,
primary-sedimentary fluctuations with thicknesses varying from 3.5 cm to 70 cm within
a very short distance were identified in the Gorleben Bank. The clay layer is a zone of
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weakness regarding the mechanical behaviour. The bedded sequence was torn apart
by the folding tectonics within the Gorleben Bank. This created a zone of displacement
which always runs parallel to the bedding of the Gorleben Bank. During the formation of
the salt dome, joints opened in the zone of displacement when the bedded anhydrite layer
exceeds a thickness of around 6 cm. These limited joints within the zone of displacement
became traps as well as a storage medium for brines and gases. The displacement zone
acted as a migration path for fluids, also allowing brines and gases to be distributed
within the immediate surroundings of joints. This zone of displacement does not create
a migration path perpendicular to the Gorleben Bank. When the total thickness of the
Gorleben Bank is only a few centimetres, there is either no zone of displacement, or it
is only a few millimetres thick (BAuerLe 2000). The size of the occurrences of fluids can
be in the range of a few cubic centimetres. It is possible for the separate occurrences of
fluids to be connected to one another via the slickensides in the bedding-parallel faults

in the Gorleben Bank.

Brines and gases can be stored in the joints which cut the anhydrite blocks within the
Hauptanhydrit sequence. The joints are mostly healed by secondary halite and secondary

carnallite. Figure 7.8 shows as an example a core with healed joints from the Hauptanhydrit.

Figure 7.8: Core with healed joints in the Hauptanhydrit

The healing of the joints was not complete. Druse-filled cavities measuring a few
centimetres in size have been discovered locally in these joints within the Hauptanhydrit.
Only a few open joints several millimetres wide have been observed. In three exploration
boreholes inflows from isolated occurrences of fluid occurred. The data from these inflows
were analysed in the material balance equation discussed above. Sizes ranging from
100 m?® to several thousand cubic metres were calculated. This range is consistent with
the geological model of the encountered isolated blocks of Hauptanhydrit. However, the
maximum amount of brine that was produced from one exploration borehole was actually
165.7 m® which is clearly below the maximum size that was derived for the corresponding
ocurrence of fluid.
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7.2.3.2 Occurrences at the Zechstein 3 / Zechstein 2 boundary

Occurrences of fluids at the z2/z3 boundary are possible if the Hauptanhydrit has
become squeezed out by salt-tectonic deformation and the Kalifléz Stal3furt has either
been thickened by stacking or significantly thinned out. Occurrences with two different
appearances can be differentiated here:

. Druse-like cavity fillings largely healed by secondary halite and secondary carnal-
lite: the fluids occupy the unhealed interstitial spaces between the crystals. Such
druse-like cavity fillings have sizes of max. approx. 1 m?. There is no connection
between isolated occurrences. The volume of brines and gases released during

drilling is in the order of a few litres.

= Strong deformation of the Unteres Orangesalz and Liniensalz bedding sequence
from the Gorleben Bank (Mittleres Orangesalz) up to the boundary between
Zechstein 3 and Zechstein 2: this sedimentary sequence is faulted. Its joints and
faults are largely healed by secondary clear coarse-crystalline halite (crystals up
to 10 cm in size). Secondary carnallite occurs as a subordinate mineral in the
interstitial spaces. The brines and gases are stored in the unhealed interstitial
spaces between the coarse crystalline halite crystals. The total extent of hydraulically
communicating zones within the mentioned stratigraphic units is well over 10 m.
Isolated occurrences of fluids were encountered in two exploration boreholes. The
inflows were analysed using the material balance equation to determine the total
volume of fluids. Sizes ranging from 100 m?® to several thousand cubic metres
at maximum were calculated. However, the maximum amount of brine that was
produced from the z2/z3 boundary to one exploration borehole was actually
23.7 m3 which is clearly below the calculated maximum size that was calculated for
the corresponding occurrence of fluids.

7.2.3.3 Occurrences in Zechstein 2

The Hauptsalz of the Stal¥furt-Folge (z2) is a “salt-tectonic breccia”. In case the Gorleben
salt dome is found to be qualified the disposal of heat-generating waste is envisaged within
the Hauptsalz of the StalRfurt-Folge. No occurrences of fluids such as seen in Zechstein
3 or at the z2/z3 boundary were encountered in the Hauptsalz of the Stal3furt-Folge (z2).
The Hauptsalz can be classified as a “salt-tectonic breccia” because the former fabric of
the Hauptsalz has become thoroughly mixed and homogenised by repeated fracturing
and healing of the halite during diapiric salt uplift (approx. 2 km — 5 km laterally and
3 km vertically). Any brines and gases of sedimentary and diagenetic origin originally
present within the Hauptsalz, as well as any metamorphosis brines which may have been
present, were squeezed out as a result of this mixing to either finish up in the top salt or in
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anhydrite-joint reservoirs within the Leine-Folge, such as in the Hauptanhydrit. This is why
large occurrences of fluids are not expected to be encountered during the underground
exploration of the Hauptsalz in the Gorleben salt dome — this conclusion was confirmed

by several exploration boreholes.

8 Characterisation of the mechanical properties

Laboratory tests have to be carried out to characterise the mechanical material behaviour
of the rocks by determining the location-specific material parameters. The material
parameters can be used as the basis to define the zones at the site with the same material

properties and classify them as geomechanically homogenous zones.

These homogenous zones and their material properties are taken into consideration
in the elaboration of the site-specific geomechanical model which forms the basis for
the development of the numerical models. These numerical models are then used to
realistically simulate the load-bearing behaviour of the exploration mine and the geological
barriers, as well as to determine the temporal and spatial stress changes affecting the
overall structure (LANGER & HEUSERMANN 2001, HEUSERMANN 2001).

The investigations and findings presented here are based exclusively on the rocks en-
countered in the underground workings within the salt dome. In addition, numerous
laboratory tests on the compaction behaviour of crushed salt were carried out, as described
in detail in STUHRENBERG & ZHANG (1998), STUHRENBERG (2002), and STUHRENBERG (2004).
Although these investigations provide no information on how to characterise the host
rock and are therefore not described here. They make a major contribution to the science

behind the backfilling and sealing measures used in underground cavities.

8.1 Laboratory investigations on mechanical behaviour

Comprehensive laboratory tests were carried out on rock specimens to determine the
mechanical behaviour of the stratigraphic units encountered in the exploration mine. This
involved determining the deformation and strength properties on the basis of uniaxial and
triaxial pressure tests, as well as Brazilian tests. Uniaxial and triaxial long-term tests on
cylindrical specimens, as well as real triaxial tests on cubic specimens were carried out to
ascertain the long-term deformation behaviour, which is characterised influenced by the
marked creep behaviour of rock salt and possibly by dilatant deformation processes. In
addition, deformation parameters for the evaluation and interpretation of the overcoring
tests to determine the rock stresses were determined in biaxial tests.
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8.1.1 Investigation methods

Ultrasonic measurements

Ultrasonic measurements on rock specimens were conducted prior to every strength test
to determine the rock-dynamic parameters and to assess the sample quality. This involved
determining the velocities of the longitudinal ultrasonic waves (vp) and the transverse
ultrasonic waves (v,) both parallel and orthogonal (lateral) to the longitudinal axis of the
usually cylindrical specimens. The ultrasonic velocities can be used to identify anisotropies
associated with the layering and/or crystal alignment. No or not measurable ultrasonic
velocities indicate a loose grain fabric, which may be an artefact of drilling or transport
processes. The ultrasonic velocities v and v,, as well as the density of each specimen,
were used to calculate the dynamic material parameters (modulus of elasticity E, and
Poisson’s ratio v, ).

Brazilian tests

In the Brazilian tests, tensile stresses are generated which act orthogonal to the stress
plane by applying diametrically opposed line loads to a cylindrical rock specimen. The
load is raised until the rock specimen splits. The tensile strength is determined from the
maximum load when the specimen fractures, taking into consideration the geometry of
the specimen. This analysis must take into consideration fabric anisotropies associated
with layering or crystal alignment, and the specimens have to be oriented accordingly to
the plane along which the forces are applied (GarTunG 1985 and DGGT 2008).

,//"/ Load plane
F : Horizontal load

tensile compression

Figure 8.1:  Sketch of the principle behind a Brazilian test (GarTunG 1985 and DGGT 2008)
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Strength tests

The mechanical strength tests are carried out on servo-hydraulic and computer-controlled
test machines operated by BGR which comply with accuracy class 1 pursuant to DIN
51223. Figure 8.2 diagrammatically shows the general layout of a triaxial test apparatus
— with a triaxial pressure cell according to the Karman principle. Design and technical
details are reported by Hesser & ScHNIER (2002).

- Frame

Displacement - Pressure piston

sensor
- Heating

Pressure Triaxial pressure cell

intensifier - Specimen

Temperature sensor

- Isolation

~ Cylinder for
axial force

Hydraulic unit
(pressure supply)

Figure 8.2:  Structure of a triaxial test apparatus for mechanical strength investigations

In the uniaxial pressure tests, the specimens were positioned directly between the upper
and lower steel plates. In the triaxial tests, a hydraulic supporting pressure (confining
pressure) is applied to the outer surface of the specimen in a triaxial pressure cell, where
the specimen is protected against the oil in the pressure cell by a rubber jacket.



100 (GEOTECHNICAL EXPLORATION OF THE (GORLEBEN SALT DOME 'S 7

During strain rate controlled testing, the axial load is increasing until the rock specimen
fractures in both the uniaxial tests as well as the triaxial strength tests. In the triaxial tests
the straining is continued even after the specimen fails, to determine the post-failure
strength.

Unloading and reloading cycles are carried out prior to the failure of the specimen to
determine the modulus of elasticity and the Poisson’s ratio. Detailed descriptions of the
uniaxial and triaxial strength tests are given in Hesser & ScHNIER (2002).

During testing, the axial loads applied to the test specimens are continuously measured,
as are the supporting pressure (confining pressure), and the axial deformation. Careful
calibration must be carried out to enable the measurements to comply with accuracy
class 1 (deviation < 1 % from the final value).

In uniaxial strength tests, the transverse (i.e. radial) expansion of a specimen is determined
with a spring clamp, developed by BGR for large circumference expansion.

Contrary to recommendations number 1 and number 2 of the working group “Rock testing
technology” of the Deutsche Gesellschaft flir Geotechnik e.V. (DGGT) after RissLER (1979)
and MutscHLER (2004), determination of the failure strengths was performed taking into
consideration the existing cross-sectional surface area of the specimen and the maximum
force when the fracture occurred (Figure 8.3).
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Figure 8.3: Determining the failure stresses in uniaxial and triaxial strength tests
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The procedure is based on laboratory findings which revealed that in tests with larger
compressions, a further increase in the applied force takes place after the maximum stress
is reached until the actual failure occurs. The associated differences to the conventional
measurement of failure stress, including failure strain, can be up to a few per cent,
depending on the confining pressure. The failure strain quantifies the axial specimen
deformation at the point of failure.

Creep tests

Creep — inelastic, time-dependent fractureless deformation — is a key aspect in the
characterisation of the mechanical behaviour of rock salt. It should be noted that rock
salts are characterised by complex mechanical behaviour. They react in a brittle way to
rapid deformation but in a largely ductile way to slow deformation.

To determine the long-term deformation behaviour of the evaporite beds encountered
during the exploration of the Gorleben salt dome, the creep behaviour of more than 300
specimens was analysed between 1982 and 2002. This comprised multi-stage creep tests
with more than 600 sub tests under uniaxial and triaxial loads, followed by their evaluation.

Uniaxial creep tests were carried out in BGR’s creep test apparatus at room temperature
(approx. 22 °C) and a relative humidity of 45 % + 5 %. In the tests carried out in the triaxial
test cells, temperatures of up to approx. 150 °C could be applied to simulate thermally-
induced near field processes. The tests were usually carried out at temperatures of up
to 50 °C.

The creep tests were carried out as compression tests in which the axial load on the
cylindrical specimen is larger than the confining pressure (o, > 0,). The confining pressure
0, was in most cases equivalent to the petrostatic pressure at the exploration level (o,:
15 MPa - 20 MPa).

During the tests, the specimens were first brought up to the initial test stress by raising
the load by approx. 1 MPa/min. This stress was then kept constant until a constant creep
rate developed over a long period of time. The stress was then raised by one load level,
increasing the pressure by 1 MPa/min. Each part of the test with constant stress and
temperature conditions is referred to below as a sub-test.

The steady-state creep rate for each sub-test was determined to quantify the creep
behaviour. Steady-state creep exists as soon as the deformation rate has converged
to an almost constant level. It is therefore determined at the end of a sub-test from the

relevant deformation-time diagram.
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Uniaxial creep test apparatus Triaxial cell

Cross head Cylinder with pull-rods to

close the sleeve of the
Pressure plate

pressure cell
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Heating cartridge and temperature sensor
3 LVDT-transducers
offset by 120° Pressure plate
) Pressure cell sleeve
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Guide arms with and insulation
pressure plate
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Linear bearing offset by 120°
Pressure plates Specimen
Pressure plate

Cylinder for axial force ) .
Heating cartridge and temperature sensor

Base plate Cylinder and piston for axial force

Load-bearing frame (4 columns)

Figure 8.4: Uniaxial and triaxial creep test apparatus

It should be noted that the true steady-state creep rate can be lower. This was revealed by
creep tests carried out with specimens consisting of a less ductile rock salt over a much
longer duration (PLiscHke & HunscHE 2002).

Creep classes are derived from the calculated creep rates. These classes are based
on the creep laws used by BGR (HunscHe & ScHuLze 1994). In the case of the uniaxial
tests carried out at room temperature, the creep classes are assigned on the basis of
the BGRa creep law (PuiscHke & HunscHe 2002) according to equation (8.1) in chapter
8.2. The creep law BGRb on which equation (8.2) is based is used for tests with higher
temperatures (i.e. above approx. 30 °C) and for triaxial tests, because humidity induced
creep is suppressed under these conditions. The creep classes characterise different
creep capacities which are taken into consideration in creep laws BGRa and BGRb by
the pre-factor V. A pre-factor value of 1 is used in the BGRa and BGRb creep laws for
creep class 5. Creep class 5 therefore defines creep behaviour complying with “standard
creep”. Table 8.1 shows the creep classes and the associated pre-factors.

Table 8.1: Pre-factors associated with the creep classes

Creep class K -1 0 1 2 3 4 5 6 7 8 9
Pre-factor V 1/64 | 1/32 | 1/16 | 1/8 | 1/4 | 1/2 | 1 2 4 8 | 16
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Biaxial tests

The modulus of elasticity of the rock in the investigation zone is needed to evaluate and
interpret the overcoring tests used to determine the rock stresses (see Chapters 6.1.1
and 6.3.1.2). To determine the modulus of elasticity, loading and unloading tests were
carried out in the cylindrical cores extracted after the overcoring tests. BGR uses a special
laboratory apparatus (Robertson cell) for the biaxial tests involved, as shown in Figure 8.5.

\

Figure 8.5: Laboratory test apparatus for carrying out biaxial tests on hollow cylindrical
specimens

In these biaxial tests, a radially-acting, axial-symmetrical hydraulic pressure is applied
to the outer surface of the hollow cylindrical core. The changes in diameter of the centric

hole inside the core are measured during several loading and unloading cycles.

Loading was usually at pressures of 5.0 MPa, 7.5 MPa and 10.0 MPa for cores from the
shafts, and at 9.0 MPa, 12.0 MPa and 15.0 MPa for cores from the exploration level. In
selected cases, an additional higher loading level was applied which corresponds to the
theoretical overburden pressure at the depth the samples were taken from.

A measuring system developed by BGR with four sensors each offset by 45° in a clock-
wise direction was used to continually record the diameter changes in the centric internal
borehole.

The laboratory measurements are presented and evaluated in load-deformation diagrams.
The gradient of the secant running through the starting point and end point of a unloading
branch is used as a measure of the modulus of elasticity. This procedure deviates from
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the general method of determining the modulus of elasticity from the secants of the
points dividing a unloading branch into three equal sections, but makes sense because
of the complete stress release of the overcored specimen which takes place during the
overcoring tests, and the special use of the moduli of elasticity determined in this way
for the evaluation of the overcoring tests. This evaluation results in lower values of the
moduli of elasticity in comparison to the general method.

To convert the measured values into a modulus of elasticity, use is made of the model
of a hollow cylinder in a planar stress state (axial stress o, = 0) under an external radial
load after WorcH (1967). Poisson’s ratio is not used to determine the modulus of elasticity
because of the biaxial stress applied to the specimen in this case, which does not involve
the application of any axially acting load.

The modulus of elasticity determined for each core is then assigned to each overcoring test
and used as an input parameter to calculate the primary stresses at each measurement
location (cf. Chapters 6.1.1 and 6.3.1.2).

8.1.2 Sample material

The stratigraphic units from the Hauptsalz of Zechstein 2 to the Anhydritmittelsalz of Zech-
stein 3 were encountered in the salt dome during the sinking of the shafts and the drifting
of the exploration level. The structure of the Gorleben salt dome, its internal structure,
and the geological and mineralogical properties of each stratigraphic unit are described in
detail in BorNEMANN et al. (2003). The stratigraphic sub-division of the Zechstein evaporite
(Appendix 1) is mainly based on the petrographic composition of the evaporites and
the nature of the fabric. Homogenous zones with identical mechanical properties were

differentiated to characterise the rock-mechanical properties (cf. Chapter 8.3).

Several cores for geomechanical tests were taken in each exposed stratigraphic unit
during the sinking of the shafts and the drifting of the underground workings — particularly
when drilling the measurement boreholes in the exploration horizons in the shafts and
in the exploration locations at the exploration level. The sampling locations are tied to
the spatial position of the underground workings and the boreholes, and are therefore
heterogeneously distributed — they do not therefore satisfy geo-statistical criteria in the
sense of a uniformly distributed sampling mesh. The sampling locations were defined
by the geological mapping results and therefore the specimens can be considered to
be representative samples of the geological layers forming the salt dome. A detailed
description of the petrography and the fabric was made for each specimen prior to

undertaking the laboratory tests.
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Only Zechstein 3 (Leine-Folge) beds were exposed in shafts 1 and 2. Cores from the
Oberes and Unteres Orangesalz (z30SO and z30SU) as well as the Bank/Bandersalz
(z3BK/BD) were selected for the laboratory tests from the measurement boreholes in both
shafts. In addition to these, samples from the Liniensalz (z3LS) and the Anhydritmittelsalz
(z3AM) from shaft 1 were selected for laboratory testing.

Almost 500 specimens in total were analysed from the measurement boreholes in shafts 1
and 2, and from exploration boreholes Go 5001 and Go 5002. More than half of the
samples underwent uniaxial and triaxial strength testing. More than 140 samples were
used for long-term creep behaviour tests. Two samples were analysed to determine the
dilatant deformation processes. Deformation parameters to evaluate the overcoring tests
were determined for more than 60 specimens.

At the exploration level, samples were collected and analysed from the following beds in
the Zechstein 2 (Stal¥furt-Folge, z2) the units Knauelsalz (z2HS1), Streifensalz (z2HS2),
Kristallbrockensalz (z2HS3) and Kalifléz Stalfurt (z2SF); in the Zechstein 3 (z3) the units
Liniensalz (z3LS), Unteres and Oberes Orangesalz (z30SU, z30S0), Bank/Bandersalz
(z3BK/BD), Buntes Salz (z3BT) and Anhydritmittelsalz (z3AM).

The Knauelsalz is the oldest stratigraphic unit in the evaporite beds exposed at the site,
and the Anhydritmittelsalz is the youngest unit. Specimens from the Kalifléz Stallfurt were
primarily collected from the Hartsalzfacies (z2SF_ki).

Almost 400 specimens were analysed from the exploration level.

The uniaxial and triaxial strength properties were determined on more than 150 samples.
Characterising the creep behaviour also involved testing of more than 150 specimens
from the exploration level. The deformation parameters for the overcoring tests were
determined on 28 specimens.

With the exception of a few samples consisting of sylvinitic Hartsalz, most of the samples
from the shafts and the exploration level consisted of rock salt from the stratigraphic units
encountered at the sampling locations with varying quantities of mineral impurities.
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8.1.3 Test results

8.1.3.1 Density

The dimensions and masses of each sample were determined as part of the preparatory
work carried out on the specimens prior to laboratory testing. The densities were determined
from the volumes calculated from the dimensions. Figure 8.6 shows the average rock
density of each stratigraphic unit in the shafts and at the exploration level.

The density of individual samples varied between 2.11 g/cm? and 2.29 g/cm?. The specific
gravity of pure halite is 2.17 g/cm?.

Higher densities are caused by the presence of other constituents, in particular an-
hydrite, sometimes also kieserite, as seen in the Hauptsalz as well as partially also in
the Anhydritmittelsalz. The lower densities can be caused by the presence of accessory
minerals, consisting of e.g. carnallite or sylvite, or by gas inclusions. Lower densities can
also be caused artificially by deconsolidation of the fabric as a result of stressing during
sample extraction or transport of the rock samples (cf. Chapter 8.1.3.2).
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Figure 8.6: Average densities of the investigated rock specimens from different stratigraphic
units in shaft 1, shaft 2, and the exploration area
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8.1.3.2 Rock-dynamic parameters

The average velocities of the longitudinal P-waves (v,) and the transverse S-waves
(vg) determined in the longitudinal axes of the specimens in the ultrasonic analysis are
summarised in Figure 8.7.

The examination of the individual samples revealed the presence of deconsolidation
in the samples from the Unteres Orangesalz (z30SU), which is also detectable in the
samples from the exploration level by the low P-wave velocities and absence of S-waves.
No primary geological causes are known to explain this phenomenon. The petrographic
composition and the rock fabric of individual stratigraphic units could favour secondary
deconsolidation as a result of drifting or sampling. During drilling it was observed that
the drilling process (speed, pressure, bit type) has a critical influence on the quality of
the cores and therefore also on the specimens. The presence of deconsolidation of this
kind meant that only a few ultrasonic measurements could be successfully carried out
on specimens from the Unteres Orangesalz (z30SU) from shaft 2. In other stratigraphic
units such as the Liniensalz, damage and foreign mineral inclusions were less noticeable.
Low P-wave velocities in the Hartsalz of the Kalifloz Stal3furt are explained by refraction
of the ultrasonic waves at the many mineral boundaries in the samples.

Figure 8.8 shows the average values of the dynamic modulus of elasticity and the Poisson’s
ratio for the investigated samples per stratigraphic unit. Because of the minor differences,
the results of the two ultrasonic displacement directions (parallel and orthogonal to
the longitudinal axis) have been combined. The differences in the dynamic elasticity
parameters of the stratigraphic units between the locations is low — only the values of
the Unteres Orangesalz in shaft 2 and the exploration level were slightly smaller than in
the other locations. The scatter in z3AM is, however, higher because of the fluctuating
petrographic composition.

Relatively uniform dynamic moduli of elasticity between 34 GPa and 38 GPa were deter-
mined for the samples from the Zechstein 2 on the basis of the ultrasonic measurements.
However, significant fluctuations in some cases from 30 GPa to 40 GPa were determined
for samples from Zechstein 3. This is attributable to the sampling locations. The dynamic
Poisson’s ratio has a relatively uniform value of between 0.2 and 0.3 for all of the
stratigraphic units.
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Figure 8.7: Average ultrasonic wave velocities of the specimens from the shafts and the
exploration area
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8.1.3.3 Elastic deformation behaviour

The elastic deformation behaviour is described by the modulus of elasticity and Poisson’s
ratio. In addition to the relevant dynamic parameters (cf. Chapter 8.1.3.2), the static
elastic material parameters were determined in the short-term tests from the unloading
and reloading cycles before failure occurs. They were determined as secant moduli at the
points dividing the unloading branch into three equal sections in the stress-strain diagram.
The static modulus of elasticity was determined from the uniaxial and triaxial pressure
tests. For reasons associated with the apparatus, the static Poisson’s ratio could only be
determined from uniaxial tests with transverse expansion measurements.

Figure 8.9, presenting the test results for specimens from the exploration area, shows a
difference with respect to the static moduli of elasticity of around 10 GPa when comparing
the uniaxial and the triaxial test results. This verifies that even minor triaxial confining
pressures are sufficient to close micro-fractures and pores in the specimens and to
stabilise the specimens against the deformation of internal parting planes. Tests with only
0.2 MPa confining pressure produced static moduli of elasticity which lay between those
of uniaxial tests and triaxial tests with an confining pressure higher than 1 MPa. In the
short-term deformation tests, there was no pre-compaction of the samples as undertaken
for the creep tests.
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Figure 8.9:  Average static moduli of elasticity of the exploration level for uniaxial stresses E .
and triaxial tresses E_ .
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Relatively uniform static moduli of elasticity of 33 GPa to 36 GPa under triaxial stress,
and between 23 GPa and 27 GPa under uniaxial stress, were obtained with the exception
of samples from the Anhydritmittelsalz (z3AM) and the Hartsalz of the Kalifléz Stal3furt
(z2SF). The static moduli of elasticity for the Hartsalz are slightly lower than those of rock
salt, particularly under triaxial stress. The Anhydritmittelsalz has average static moduli
of elasticity of around 25 GPa to 27 GPa under uniaxial as well as triaxial stress. No
significant dependency on load boundary conditions is identifiable.

The static moduli of elasticity of the specimens from the shafts lie in a comparable range
of 20.7 GPa to 27.3 GPa under uniaxial stress, and of 30.7 GPa to 35.2 GPa under triaxial
stress. The test series for z2BK/BD and z30SU in shaft 2 tend to have lower values. No
dependency on the temperature or the load boundary conditions was identified in the
triaxial tests on the specimens from the shafts or from the exploration level.

Static Poisson’s ratios of 0.25 to 0.32 were determined for all specimens from all the
locations in all the stratigraphic units.

A comparison of the results reveals that static moduli of elasticity determined from the
triaxial short-term tests correspond closely with the dynamic moduli of elasticity. The same
goes for the Poisson’s ratios determined during testing.

Determination of the modulus of elasticity from the overcored specimens

The location-specific determination of material parameters for elastic deformation
behaviour is required to evaluate the overcoring tests to determine the rock stresses
(see Chapters 6.1.1 and 6.3.1.2). Loading and unloading tests in a biaxial stress state
were therefore carried out on the hollow cylindrical cores extracted after the field tests.

The modulus of elasticity was determined in biaxial tests, as part of the rock stress
determination in the shafts, on 35 overcoring specimens from shaft 1 and 32 specimens
from shaft 2. Figure 8.10 shows, as an example, the load-deformation diagrams for a
specimen from shaft 2 (EH-570). For all four measurement directions, the specimen load
is plotted as a radially acting confining pressure against the change in interior diameter.
Changes in diameters determined in various measurement directions produced similar
plots and verify the isotropic deformation behaviour of the rock salt.
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Figure 8.10: Example of a load-deformation diagram for a hollow cylindrical specimen from
shaft 2

The moduli of elasticity for the specimens from the shafts, determined at different unloading
steps and measurement directions in each test, are shown in Figure 8.11. The diagrams
clearly show in some cases considerable differences in the moduli of elasticity in the

exploration horizons in both shafts, which reflect salt layers with different degrees of
stiffness.
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Figure 8.11: Moduli of elasticity determined in biaxial laboratory tests on cores from shaft 1 and
shaft 2

Moduli of elasticity of between 17 GPa and 26 GPa were determined in biaxial tests in the
overcored specimens from exploration horizons EH-450 and EH-650 in shaft 1. These are
lower than the moduli of elasticity determined by the short-term tests (cf. Chapter 8.1.3.2).
In contrast, the moduli of elasticity determined from the samples from exploration horizon
EH-720 (shaft 1) correspond closely to the results of the short-term tests.

There appears to be a depth dependency of the moduli of elasticity in the overcored
specimens from shaft 2. However, depth-dependency of this kind is not observed on
solid cores which were used for short-term testing. In addition, only moduli of elasticity in
samples from EH-760 in shaft 2 correspond to the results of the tests on solid cylindrical
specimens. The parameters from the higher exploration horizons are smaller.

The moduli of elasticity were determined in biaxial tests on 28 cores from the overcoring
tests to ascertain the rock stress in EL1 at the 840 m level. Figure 8.12 shows, as an
example, the load-deformation diagrams determined from a specimen taken from EL1.
The diameter changes determined in the four measurement directions, like the results of
the tests on cores from the shafts, have closely corresponding curves, and therefore also
confirm the isotropic deformation behaviour of the rock salt.
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Figure 8.12: Load-deformation diagrams for a hollow-cylindrical specimen from EL1

Moduli of elasticity with an average of 21.0 GPa to 21.2 GPa were calculated from material
from various boreholes drilled in the Unteres Orangesalz (z30SU) at EL1. These values
are slightly smaller than the static moduli of elasticity determined under uniaxial stress
(cf. Chapter 8.1.3.3). The investigation of the Oberes Orangesalz (z30SO) penetrated
by one borehole produced, of contrast, an average modulus of elasticity of 27.0 MPa in
the biaxial tests — a value which lies between the static moduli of elasticity under uniaxial

and triaxial stress.
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8.1.3.4 Tensile strength (Brazilian test)

The average tensile strength of the samples from shaft 1, shaft 2 and EB1 is shown in
Figure 8.13. The values for the Buntes Salz (z3BT) and the Anhydritmittelsalz (z3AM) are
each only represented by a single test result. Although two additional Brazilian tests were
carried out for the Anhydritmittelsalz, these did not give rise to any analysable fracture

and therefore did not produce any valid test.

The highest tensile strengths were measured in the specimens from the Hartsalz. The
lowest tensile strength was found in the Unteres Orangesalz in shaft 2, ignoring the
single test on z3BT. A pre-damage specimen is suspected in this case, as suggested by
the ultrasonic measurements. The test results did not indicate any verifiable influence of
material anisotropies on the magnitude of the tensile strength.
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Figure 8.13: Average tensile strengths of the investigated rock samples

8.1.3.5 Uniaxial and triaxial compressive strengths

Short-term tests were carried out with different confining pressures to assess any possi-
ble differentiation of the strength behaviour in accordance with stratigraphic/petrographic
criteria. In addition, the test temperature and the deformation rates were varied to ascertain
the influence of temperature and loading rates on the strengths. This variation was carried
out systematically in the test series on samples taken from the shafts. Variations in the
loading rate were carried out on a random sample of specimens from the exploration level.
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Figure 8.14 shows the uniaxial compressive strengths (failure strengths). The test results
were determined at room temperature and axial deformation rates of 10 s'.
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Figure 8.14: Average uniaxial failure strength of the investigated stratigraphic units

The maximum scatter of approx. 50 % is relatively high for the uniaxial compressive
strengths. Noticeably low strengths were observed in the samples from stratigraphic units
in the Unteres Orangesalz (z30SU) and the Bank/Bandersalz (z3BK/BD) from shaft 2.
These samples are strongly affected by fabric deconsolidation and/or foreign mineral
impurity content, and the presence of gas inclusions.

Figure 8.15 shows the uniaxial and triaxial failure strength in the octahedral stress plane
for all of the rock samples from the shafts. Tests were carried out at room temperature
and with deformation rates of 10 s*'. This clearly shows that the strengths rise with
increasing minimal stress (confining pressure). With the exception of the strengths of the
Bank/Bandersalz (z3BK/BD) from shaft 2, the relative scatter of maximum 20 % for the

individual tests is low.

Parabolic regressions were carried out for the individual tests of the stratigraphic units
and separate locations (Hesser & ScHNIER 2002). These regressions are based on the
functional integration of octahedral shear stress and octahedral normal stress — as also
used in the reference curve after HunscHe (1995). The reference curve represents a lower
envelope of the compressive strengths for more than 90 % of the separate tests on rock
salt. The regression curves reveal a ranking of the strengths: with z3BK/BD from shaft 2
at the base, rising through z30S0O, z3LS, z30SU from shaft 1 and then to z3AM and

z3BK/BD from shaft 1.
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Figure 8.15: Uniaxial and triaxial failure strengths in rock samples from the shafts

Figure 8.16 shows the failure strengths of the stratigraphic units encountered at the ex-
ploration level. To improve comprehensibility, this graph does not show the separate tests
but only the regression curves.
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Figure 8.16: Uniaxial and triaxial failure strengths in rock samples from the exploration level
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The relative scatter here is 15 %. All of the failure strengths in the separate tests lie
above the reference curve after HunscHe (1995), even those of the Hartsalz from z2SF.
Compared to the halite-dominated units, the Hartsalz tests at low confining pressures
yielded average failure strengths. The lowest failure strengths are measured, however,
if the confining pressures are higher. Contrasting behaviour is observed in the Unteres
Orangesalz (z30OSU), where only low strengths were recorded under low confining
pressures. However, the failure strength increased disproportionally with rising confining
pressures. The other stratigraphic units can be ranked from low to high failure strength
in the following order: z2HS2, z3LS, z2HS1. z30S0, z3BT to z3AM.

Tests were carried out at temperatures of 80 °C, 120 °C and 180 °C to evaluate the
influence of temperature on the failure strength. These temperature ranges reflect
the temperatures expected in a geologic repository in a rock salt formation. The tests
revealed a decrease in the average failure strength with increasing temperature. At a
test temperature of 180 °C, the failure strengths obtained in the tests are around 50 %
lower than at room temperature. The greatest changes in failure strengths with rising
test temperatures are seen in the samples of the Knauelsalz (z2HS1) and the Hartsalz
(z2SF). The Anhydritmittelsalz (z3AM) shows a lower dependency of failure strength on
the test temperature.

Slightly higher failure strengths with changes of 5 % to 8 % are observed when varying
the deformation rate to a higher rate of 10 s™'. At lower deformation rates of 10° s, the
failure strengths were 4 % to 11 % lower. No significant sensitivity of specific stratigraphic

units to changes in deformation rate could be confirmed by the data.

8.1.3.6 Post-failure strength

The post-failure strengths were mainly influenced by the formation of the fracture surfaces
and the magnitude of the confining pressure because they determine the friction on the
fracture surface and therefore the magnitude of the shear stresses that can be withstood.

The post-failure strengths rise with increasing confining pressure and approach those of
the failure strength. The dependency of post-failure strength on the confining pressure is
aptly described by a linear correlation in the test range up to 20 MPa — as shown in Figure
8.17 for the post-failure strengths of specimens from shaft 1 and shaft 2.
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Figure 8.17: Post-failure strength of rock specimens from the shafts

The results indicate no clear ranking — even the samples from shaft 2 taken from the
exposed Unteres Orangesalz (z30OSU) show good alignment with the post-failure strengths
of the other locations and stratigraphic units. Only the Bank/Bandersalz (z3BK/BD) from
shaft 2, containing carnallite impurities and gas inclusions, lies at the lower boundary of

the scatter of all the tests.

8.1.3.7 Failure strain

The compression of the specimens until they fail in the compression tests is dependent
on the confining pressure, temperature and loading rate. The failure strain increases with
increasing confining pressure and increasing temperature. On the other hand, the failure
strain decreases with increasing loading rate. Figure 8.18 shows the changes in failure
strain dependent on temperature at an confining pressure of 1 MPa and a deformation
rate of 10 s”'. This example contains the tests on samples from the exploration level.

The Knauelsalz and Streifensalz of the Stal¥furt-Folge revealed a significant sensitivity
between failure strain and rising temperature. This contrasts with the samples from the
Anhydritmittelsalz and the Hartsalz where temperature rises had the least influence on
the failure strain.
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Figure 8.18: Failure strains dependent on temperature at a confining pressure of 1 MPa and a
deformation rate of 10 s

8.1.3.8 Creep behaviour

The rock samples tested to ascertain their creep behaviour were taken from a range of
stratigraphic units at the exploration level and in the exploration horizons in the shafts.
The creep classes (cf. Chapter 8.1.1) determined from the numerous creep tests, as well
as their fluctuation ranges, are shown separately in Tables 8.2 to 8.5 for each location.
No creep behaviour tests were carried out on z30SM (Gorleben Bank).

The fluctuation range to be taken into consideration in a homogenous zone (cf. Chapter
8.3) is determined on the basis of the creep class range shown in the table (cf. Table 8.1).
This means for instance that a fluctuation range from class 3 to 6 represents a range
in values of the pre-factor (parameter of the creep capacity for material laws BGRa and
BGRDb, cf. Chapter 8.2) of 23/32 = '/, to 25/32 = 2.

Additional information in the tables includes details on the accessory constituents to help in
identifying dependencies and trends. These form the basis for defining the creep classes
in areas which have not yet been tested. The derived creep classes and the associated
fluctuation ranges are based on geo-statistical analysis (PLischke 2002).
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Table 8.2: Recommended creep classes for the steady-state creep of different strati-
graphic units in the evaporitic sequence of shaft 1
Strati- ) Depth * Number of Rec. Fluctuation
Accessories range
graphy [m] sub-tests. | creep class
(classes)
z3LS A3 279.7 - 312.2 18 5 5-7
z30SU A3 312.2 — 327.5 13 5 4-6
z30S0O Mostly A3 327.5 — 359.1 36 3 2-5
z3BK/BD | Frequently A3 | 359.1 — 391.8 24 0 -1-3
z30S0O 391.8 —433.8 0 3 o
z30SU None 435.2 — 456.2 2 5 i
z3LS 456.2 — 484.5 0 5 o
z30SU Mostly none | 484.5—578.3 9 4 3-5
z3LS A3 578.3 — 706.4 10 6 3-7
z30SU A6 706.4 —714.9 5 3 2-4
z30S0 715.8 —732.3 0 3 i
z3BK/BD A6, S8 732.3 -742.9 10 2 2-5
z3BT 742.9 — 750.8 0 2 i
z3AM 750.8 — 804.8 0 1 i
z3BT 804.8 —817.9 0 2 i
z3BK/BD A6, S8 817.9 — 833.6 4 2 1-2
z30S0 833.6 — 860.8 0 3 i
z30SU None or A3 | 861.2 — 888.2 16 3 1-5
z30S0 A3 888.4 — 933.0 2 3 i

* Depths refer to ground level

o No fluctuation ranges are given here because no creep tests were carried out in these zones.

Recommended creep classes are based on analogies.
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Table 8.3: Recommended creep classes for the steady-state creep of the different stra-
tigraphic units in the evaporitic sequence in shaft 2
) Fluctuation
Strati- ) Depth * Number of Rec.
Accessories range
graphy [m] sub-tests. |creep class
(classes)
z30S0O A1 258.2 - 303.5 0 3 o
z30SU None 303.9 — 335.5 2 4 O
z30S0O A2/3 336.2 - 370.5 29 3 2-5
A/P
z3BK/BD | Occasionally | 370.5 —434.8 35 4 2-6
Kand F
z30S0O In parts A2 | 434.8 —461.5 4 5 4-5
z30SU Mostly none | 461.7 — 566.0 23 6 4-7
z30S0O 567.6 — 601.8 0 4 O
z30SU A3 602.5 — 626,8 8 5 3-6
z3LS 626.8 — 641.5 0 4 O
sosy | Cocasionally | i 5 6918 16 4 2.4
z P3, A3, C8 ' '
z30S0O 692.3 — 765.5 0 4 O
sosy | Cocasionally | o q 7053 8 5 2.5
z A3, P3, C8 ' '
z30S0 A2,C8,S8 | 796.0—-834.5 6 3 2-4
z3BK/BD 834.5 -843.3 0 2 o

* Depths refer to ground level

o No fluctuation ranges are given here because no creep tests were carried out in these zones.

Recommended creep classes are based on analogies.
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Table 8.4: Recommended creep classes for steady-state creep in the parts of EB1 in

Gorleben investigated to date

Fluctuation
) ) Number of Rec.
Stratigraphy Accessories | Borehole range
sub-tests. |creep class
(classes)
z2HS2 + z2HS A3 RB210 29 6 3-6
z2HS3 A3 RB210 23 2 1-4
A4
z2HS1 RB341/342 59 6 5-8
In parts A5
z2HS?2 A3 RB213 23 5 4-6
z2HS2 A3/9 RB427 2 4 3-4
z2HS3 A8/9 RB427 26 5 3-6
z2HG A5 RB427 5 4 4-6
z2HS3 A mixed RB119 8 4 3-5
z2HS3 A3 RB120 10 5 4-6

Table 8.5: Recommended creep classes for steady-state creep in the stratigraphic

units in the infrastructure area of EB1 investigated to date

) . Number of Rec. Fluctuation range
Stratigraphy Accessories
sub-tests. creep class (classes)

z3LS A8 21 4 3-6
z30SU None and A3/6 12 3 2-4
z30S0 Mostly none 10 3 1-5
z3BK/BD Mostly none 23 2 0-3
z3BT None and A3 15 2 0-4
z3AM A1/3/6/9 27 1 0-3
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The following dependencies on petrography, stratigraphy and tectonics were derived from
the results of the numerous creep tests and the creep classes shown in Tables 8.2 to 8.5:

= The upper geological units (younger stratigraphic units) usually creep much more
slowly than the lower units (older).

= Tectonically condensed zones creep faster than strongly thinned or internally
strongly folded zones.

. Rocks with finely distributed impurities usually creep slower than other rocks.

= Coarse crystalline (recrystallised) salt usually creeps faster than fine crystalline
salt.

The grain size cannot have any direct influence on the creep behaviour. But when coarse-
crystalline rock salt is formed by recrystallisation, particle coagulation must also lead to
an enlargement of the distances between the particles, the factor determining ductility.
Grain sizes, therefore, are only an indirect but quite useful indicator for classifying the

creep capacity.

8.2 Material laws governing thermo-mechanical behaviour

In connection with the use of salt deposits for final disposal of waste or caverns for storage
of crude oil, gas etc., BGR has developed calculation methods over the last 30 years for
stability and long-term safety analysis to enable the relevant processes to be modelled,
taking into consideration the geomechanical properties of salt. This meant that it was
also necessary to develop material laws which realistically describe the behaviour of rock
salt as a possible host for a geologic repository, taking into consideration the effective

thermo-mechanical load.

The physical basis of the material laws developed for salt is derived from those developed
for crystalline materials in solid-state and metal physics. Drawing on salt mechanics, these
material laws were broadened to incorporate specific processes involved in the material
behaviour of rock salt. Their development and verification at BGR is based on the material
properties of the so-called “Speisesalz”. This specific type of rock salt was chosen as
reference salt because it is very homogenous and only has a small proportion of foreign
minerals. This guarantees the reproducibility of the results in test series. Adjustments
were then made for the material properties of other rock salt types reflecting the different
stratigraphic units, or when required, to the material properties of rock salt from a specified
homogenous zone within the Gorleben salt dome.
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The creep behaviour of rocks has already been described in material laws for a long time
(e.g. Grigas 1939). In general, these feature phenomenological mathematical formulations
which take into consideration the marked non-linearity of the deformation rate dependent
on the stress deviator and the temperature. One of the first summaries of creep laws
covering the steady-state and transient creep of rock salt was published in ALBRECHT &
HunscHE (1980).

This formed the basis for the development and use of the BGR’s different creep laws —
BGRa and BGRb —to describe the temperature-dependent and stress-dependent steady-
state creep behaviour of salt rocks. These material laws are well suited to predict the
long-term temporal and spatial development of creep-related deformations and stresses
in underground workings, and form the basis for the stability and integrity verifications
carried out so far with the help of model calculations.

More complex material laws are described in detail in Hunsche & Schulze (1994). The
monograph by Cristescu & HunscHE (1998) extends the law to include development of
dilatancy and damage. The material laws of Cristescu & HunscHe (1998), AuserTIN et al.
(1996), and Hou & Lux (2002) are comparable in their level of development. Numerous
separate reports by national working groups involved in the development of material laws
are compiled in the BMBF synthesis report (HamrEL et al. 2007). The current status of the
development of material laws at BGR is characterised by the Composite Dilatancy Model
(CDM) (HAmPEL & ScHuLze 2007).

Most of the material law modules describing creep incorporate an exponential term for
the temperature-dependency, and a power term for dependency on the stress deviator.
The CDM material law also includes all of the previously identified relevant processes
affecting the thermo-mechanical behaviour of rock salt.

Creep laws to describe the steady-state creep

The BGRa and BGRb creep laws are primarily used for model calculations which take
into consideration the different steady-state creep behaviour of rock salt under different
temperature and pressure conditions. They also form the basis for the homogenous zone
determination (Chapter 8.3).

The BGRa material law contains the pre-factor V which takes into consideration the dif-
ferent creep capacities of different salt types. It is determined by the creep under uniaxial
load, i.e. by adjusting BGRa to the steady-state creep rates determined in experiments
under relative air humidities of approx. 45 % and temperatures of up to 30 °C.
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The BGRb creep law consists of two modules and takes into consideration the temperature
dependency of two deformation mechanisms acting alongside each other. It is used for
temperatures above 30 °C at which humidity-induced creep is no longer involved. This
also applies to conditions with relatively low air humidity (< 45 %). In tests with stress
applied to all sides, humidity-induced creep is basically suppressed as long as a stress
state in the dilatance range is not reached. In this case, the BGRb material law forms
the basis for modelling the steady-state long-term creep with a pre-factor V determined
in the same way.

The equations (8.1) for BGRa and (8.2) for BGRb describe the temperature dependency
and stress dependency of the steady-state creep in a form used to determine the homo-
genous zones.

Reference creep law BGRa for rock salt:

& = V-A-exp(i)(g*j V = 2 (8.1)
R-T)\o 32

A=0.18d"

Q =54 kd/mol

R = 8.314 - 10?kJ/(mol-K)

n=>5

o* = 1 MPa (standardisation)
T = temperature in K
K = creep class of the homogenous zone

Reference creep law BGRDb for rock salt:

-Q -Q oY 2
e, = V| A, -ex L1+ A, -ex Z | —= V=—o _
o = v Avom(h o on( 2 (2] THE
A, =23-10* d"
A,=2.1-10°d"
Q, =42 kJ/mol

Q, = 113 kJ/mol
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8.3 Identification of homogenous zones

Homogenous zones are identified in principle from the different material properties of
the investigated rocks. The exploration work carried out to date at the Gorleben site has
identified homogenous zones within the salt dome on the basis of their creep behaviour,
which is derived from the creep classes determined by creep tests as described in Chapter
8.1.3.8. This takes into consideration a significant dependency of creep behaviour on
petrography, stratigraphy and tectonics. The differences in creep behaviour encountered in
parts of the rock salt can therefore be attributed to fabric properties which are measurable
and correlatle with stratigraphic units. Details of this aspect are described in Chapter
8.1.3.8 as well as in PuiscHke (2002) and PriscHke & HunscHe (2002).

It is important to note in this context that a stratigraphic unit can consist of several different
homogenous zones. Moreover, different stratigraphic units can be incorporated within

one homogenous zone.

The geological model (Bornemann et al. 2003) summarised in Chapter 3 is an important
basis for identifying homogenous zones.

A homogenous zones model was elaborated according to these principles with the help
of the results of the creep behaviour tests. Figures 8.19 to 8.21 show the homogenous
zone mapping of the shafts, the infrastructure area and EB1 in the Gorleben salt dome.
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Figure 8.19: Assignment of homogenous zones in the shafts 1 and 2
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N 7

Figure 8.21: Homogenous zones in the exploration area (EB1) at the 840 m level (legend see
Figure 8.19)
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9 Model calculations

Location-specific model calculations of the thermal and thermo-mechanical stresses
affecting the load-bearing elements of the underground load-bearing system in specific
parts of the mine (e.g. shafts, drifts) and the salt barrier were carried out as part of the
exploration of the Gorleben salt dome. Modelling was also used to interpret the in-situ
measurements and local observations, as well as to optimise the layout of the mine as the
exploration proceeded. These calculations encompassed the following work in particular,
prior to the onset of the moratorium:

= Thermo-mechanical calculations for the geologic repository in the Gorleben salt
dome based on the information available from 1984 to 1986 (Nipp 1988).

. Large-scale thermo-mechanical model calculations for the technical geologic
repository concept 1 (borehole emplacement BSK3) for the rock-mechanical
assessment of the integrity of the salt barrier at exploration area EB1
(Nipp & HEUSERMANN 2000).

= Thermo-mechanical model calculations to analyse and interpret shaft convergence
and rock mass deformation measurements in shaft 1 (Niep et al. 2003).

= Thermo-mechanical model calculations to analyse thermally induced fractures ob-
served in the outer surface of shaft 1 as a result of the circulatory mine ventilation
and the associated cooling down in autumn 1996 and winter 1996/1997 (Nirp et
al. 2003).

= Large-scale thermo-mechanical model calculations to determine the distance from
the Hauptanhydrit to the northern cross-measure drift at exploration area EB1
(NippP et al. 2003).

= Special model calculations for numeric simulation and analysis of overcoring tests
in the salt dome (HeusermANN et al. 2003a).

Originally planned more detailed geomechanical and thermo-mechanical model
calculations were not carried out due to the moratorium, and the associated suspension
of work on the Gorleben site starting in 2000.

The calculations described here only deal with the issues relevant to geotechnical ex-
ploration, such as the evaluation and interpretation of geotechnical measurement results,
the interpretation of local observations, and the layout of exploration drifts. Not dealt
with in this report are the results of thermo-mechanical model calculations to predict the
effects of the emplacement of heat-generating waste on the stability of geologic repository
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components during the operational phase, and the integrity of the geological barriers in
the post-operational phase.

All of the model calculations presented here were carried out according to the finite-
element method using a quality-certified release version of the BGR program system
ANSALT I (Analysis of Nonlinear Thermo-mechanical Response of Rock Salt) (Nipp 1991).

9.1 Thermal and mechanical rock mass parameters

The material properties of the stratigraphic units to be analysed in the geomechanical
modelling must be modelled as realistically as possible by using suitable material models
and parameters.

Thermal properties

The principles described in Chapter 5.2 were used for the thermal and thermo-mechanical
calculations. The thermal rock mass properties are taken into consideration using the lo-
cation-specific material parameters for specific thermal capacity and thermal conductivity
of the modelled rock mass layers.

Mechanical properties

The mechanical behaviour of the rock layers present was described by material models
which, in addition to the time-independent elastic shape changes, also take into
consideration time-dependent deformation, and in particular the steady-state creep of
the rock salt. In addition, dilatant deformations resulting from plastic flow conditions or

failure conditions were also taken into consideration via a visco-plastic material model.

The effective steady-state creep rate is determined dependent on the temperature T and
the effective stress o_, by material law BGRa using equation (8.1). For the different creep
properties of the different stratigraphic units, the structure factor A (8.1) is replaced by the
relevant pre-factor V, which is dependent on the applicable creep class.
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For some issues the dilatant deformation of rock salt had to be taken into consideration.
This was described by a visco-plastic material law incorporating an associated flow rule:

1
&P = —(F).-—; Q=F 9.1
F ey (9.1)
where n = viscosity in MPa-d
Q = stress potential in MPa
0, when F<0 .
<F> = in MPa
F, when F>0

The flow described by equation (9.1) comes into effect above a yield limit F which is
defined by a modified Drucker-Prager criterion and adapted in the model calculations to

the modelled stratigraphic units with the parameters a and k:

F=0=odJ+J8—k (9.2)

where J, first invariant of the stress tensor in MPa

S

second invariant of the stress deviator in MPa?

The parameters in equation 9.2 are defined such as to produce an adequately
correspondence between the yield limit used here and the dilatancy boundary after

CrisTEscu & HunscHE (1998).

The following parameters were used:

=1 ~0.2887
* Aﬁ

k=0.0

The visco-plastic material model used allows the dilatant material behaviour occurring
above the dilatancy boundary to be taken into consideration. The additional strain which
arises here causes stress relocations and thus large deviator stresses are absorbed.
After an appropriately long period of time, the stress states at all material points are
essentially at or below the dilatancy boundary. The zone in which the stress conditions
exceed the dilatancy boundary at one point over the course of the calculation is referred
to as a deconsolidation zone or dilatant zone. The stress on the material is limited as a
consequence to the zone beneath the dilatancy boundary and the maximum possible size
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of a deconsolidation zone is thus determined as a conservative assessment. The viscosity
in the visco-plastic model is selected to ensure that the stress states of all of the material
points at the point in time being evaluated are virtually on or below the dilatancy boundary.

9.2 Interpretation of the deformation measurements

Once the establishment of circulating mine ventilation in the Gorleben exploration mine
from the downcast shaft 1 to the upcast shaft 2 began in October 1996, temperatures
developed at the perimeter of shaft 1 which are even today still subject to considerable
seasonal fluctuations. Whilst the initial temperature differences between summer and
winter were more than 20 °C, the measured temperatures in the most recent measuring
period only indicate fluctuations in the range of approx. 10 °C (cf. Chapter 6.3.1.1). The
seasonal temperature fluctuations also influenced, however, the convergence in the
shafts, which is affected by temperature-dependent creep processes, as revealed by the
deformation measurements. These showed immediate or delayed effects caused by the
seasonal temperature changes. Thermo-mechanical model calculations were carried out
to analyse and interpret in detail the shaft convergence measurements and the rock mass
deformation measurements in shaft 1 (cf. Chapter 6.3.1.5).

Rock-mechanical modelling

Exploration horizon 4 (EH-650) was selected for the modelling of shaft 1 because, unlike
in the other exploration horizons, only one stratigraphic unit — Liniensalz (z3LS) — crops
out at this measurement location. The stratigraphy around exploration horizon 4, the
instruments in the measurement borehole, and the geometrical dimensions are shown
in Figure 6.10.

Shaft 1 has a radius of 3.75 min the vicinity of exploration horizon 4 (depth 652.4 m). The
primary stress state was assumed to be the theoretical lithostatic overburden pressure.
This yields a primary stress of 14.9 MPa if a constant density of 2.2 g/cm? is assumed.
This largely matches the results of the rock stress measurements in the shafts (Chapter
6.3.1.2 and HeusermaNN et al. 2003a).

The parameters for thermal conductivity and specific thermal capacity reported in Nipp et
al. (2003) were used to calculate the instationary temperature distribution. Alinear thermal
expansion coefficient of 4.0 x 10-° 1/K was selected.

The mechanical behaviour of the rock mass was modelled by material model BGRa in
equation (8.1) with the material parameters for Liniensalz (z3LS), and using the material
model for visco-plastic flow incorporating the modified Drucker-Pager criterion as the
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yield limit (equation 9.1). The reference parameters used for the creep are based on the
knowledge derived from the results of the laboratory tests as described in Chapter 8.1.3.8.

An axi-symmetrical model was selected for the geometrical idealisation of exploration
horizon 4 because of the circular shape of the shaft and the homogenous Liniensalz
(z3LS) surrounding the investigation zone. Because there are also no effects negatively
influencing the symmetry conditions in the axial direction of the shaft, the measurement
location being investigated was modelled as a 1-m-thick annular disc with a plane-strain
state. The internal radius is 2.75 m, the external radius 400 m. Figure 9.1 shows a section
of the FE model.

12
| ﬂ][ﬂ]””””["””“”|[|H[|]||]|[]]||| [ ] | ] [ [ 1 | | [ 1 ].1|
. 673 653 573 513 571 62.2

™~Axis of rotation

3.75 ca. 315
Figure 9.1:  FE modelling of the shaft in the form of an axi-symmetrical annular disc (section)

The FE mesh consists of 134 isoparametric 8-node elements with 673 nodes. The upper
and lower boundaries are positioned so that they cannot be distorted in the vertical
direction, whilst horizontal displacements are prevented at the right hand edge of the
model.

The transient temperature field over a time period of six years was modelled first, assuming
an initial temperature in the rock mass of T = 33.7 °C. The temperature measured in an
approx. 40 cm deep niche at the side of shaft 1 was applied as a boundary condition for
the thermal analysis. The measured temperature curve was slightly smoothed for the
purposes of simplification.

In the following rock-mechanical calculation, the excavation of the shaft was simulated
in the first calculation step. This was followed by a six-year modelling period in which
the creep of the rock salt mass was analysed taking into consideration the transient
temperature distribution.

This analysis considered a reference model with best-estimate parameters and four
additional model versions. The thermal boundary condition applied in the reference model
was the temperature measured in situ in the vicinity of the shaft perimeter. In the alternative
models, the variations included different thermal boundary conditions as well as different
temperature fields and material parameters. By comparing them with the reference model,
this improved the understanding of the system behaviour.
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Calculation results

The results of the transient temperature calculations of the reference model are shown
in Figure 9.2 for selected nodes in the FE model. The position of each of the nodes and
its distance from the perimeter of the shaft can be seen in Figure 9.1.
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Figure 9.2: Calculated and measured temperature trends

The correlation between the calculated temperatures and the temperatures measured in
the extensometer measurement boreholes is relatively good.

Figure 9.3 shows typical results of the thermo-mechanical calculations. The positions of
the selected integration points and the nodes, as well as their respective distances from
the perimeter of the shaft, are shown in Figure 9.1.

The upper half of the diagram in Figure 9.3 shows the change in average temperatures
over time for different measuring lines (perimeterto3m,3mto7m,7mto12m, 12 mto
20 m). For example, the lowest temperature plot represents an average value between that
of the temperature calculated for the head plate of the extensometer and the temperature
determined for a point 3 m deep into the borehole. The lower half of the diagram shows the
change over time of the radial stress (SIGx), the vertical stress (SIGy), and the tangential
stress (S1Gz).
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Figure 9.3: Calculated stresses for a rock mass point close to the perimeter (upper diagram)
and for a rock mass point 20 m from the shaft perimeter (lower diagram).
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The upper graphic in Figure 9.3 shows the stresses calculated for an element integration
point located 1.7 cm from the perimeter of the shaft. This shows that the vertical and
tangential stresses in particular react directly to the temperature changes in the zone
proximal to the shaft. Because of the selected material parameters, strong cooling in
the perimeter of the shaft produces considerable calculated tensile stresses in a vertical
direction.

The lower diagram in Figure 9.3 shows the change over time in three stress components
at an integration point located 20.3 m from the perimeter of the shaft. The compressive
stress level drops in rock mass zones located further from the shaft because of the slow
spread of the cooling of the zones proximal to the shaft. The influence of the seasonal
temperature fluctuations can still be seen here in the oscillations of the stress curve.

Figure 9.4 shows a typical example of the comparison of the calculated and the measured
rock mass deformations. This shows the relative displacements over time between the
head plate of an extensometer and a rock mass point located 20 m from the perimeter of
the shaft (lower part of the diagram). In addition, the measured and calculated changes
in temperature over time are shown as average values of the temperatures determined
for the two positions considered (upper half of the diagram). Calculated values have to be
corrected with an offset to allow a meaningful comparison of the calculated and measured
rock mass deformations. The offset ensures that the calculated deformations are zero for
the time of the reference measurement.
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Figure 9.4: Relative displacements calculated and measured with an extensometer between
the head plate and a point in the rock mass located 20 m from the perimeter of the
shaft
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Figure 9.4 reveals that the calculated values corrected in this way are much higher than
the measured values. However, the long-term rising trend of the plot is very similar,
particularly from the time when circulating ventilation began in October 1996. From this
point in time, the measured and the calculated curves run almost parallel until the end of
the investigation period in April 2001.

Figure 9.5 shows the calculated shaft convergence compared to the measured values.
As in the procedure described above, the calculated values here are also corrected with
an offset. The results produce a satisfactory correspondence between the calculated and
the measured curves, with calculated values slightly higher than the measured values.
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Figure 9.5: Measured and calculated shaft convergence values
Assessment

The calculation results generated by the reference model show that the calculated tem-
peratures and displacements correlate well with the values measured in shaft 1. In terms
of the stresses, if only creep is considered, high tensile stress components are calculated
after a cooling phase in the perimeter zone of the shaft. These are considered to be
unrealistic because they are impossible due to the low tensile strength of the rock salt.
The tensile stress portion is reduced by using a visco-plastic material model for the
approximate model calculation of the fractured deconsolidated zones.
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In addition, the model calculations reveal that the displacement of an extensometer anchor
point located around 20 m from the perimeter of the shaft accounts for approximately
40 % of the displacement of the shaft perimeter. If the anchor point is assumed to be a
fixed point, it is possible that the extensometer measurements will be wrongly interpreted,
particularly with respect to a comparison with the shaft convergence measurements. This
confirms the findings from the in-situ measurements with reference to the extensometer
measurements (cf. Chapter 6.3.1.5).

9.3 Thermally induced fissures in shaft 1

Once the circulation of the mine ventilation in shaft 1 and shaft 2 became established in
mid-October 1996, the temperatures at the perimeter of shaft 1 dropped by more than 20
°C below the initial rock temperature because of the seasonal cold weather period. At the
beginning of January 1997, approx. 40 horizontal fissures with apertures between 1 and 3
mm were observed in the perimeter of shaft 1. BGR carried out model calculations to find
out the cause of these fissures. These calculations were particularly aimed at determining
whether the fissures observed in situ could be simulated by seasonal weather-related
cooling down.

Rock-mechanical modelling

The portion of the shaft sunk in the salt dome was simplified as a single homogenous
zone so that an axisymmetrical annular disc with a plane-strain state could be used to
model the shaft (Figure 9.6). The internal radius (shaft perimeter) is 3.75 m, the outer
radius of the numerical model 200 m, and the height 12.5 m. From the shaft perimeter to
a distance of 5 m into the rock, contact elements (gap elements) were positioned along
the centre line of the finite-element model. These only allow transfer of the compressive
stresses orthogonal to the contact surface and simulate a potential, horizontally-oriented
fissure surface. These elements open as soon as tensile stresses develop.

The model calculations were carried out using two different material models. Firstly, the
rock salt mass was described by a model with ideal elastic behaviour and steady-state
creep. Secondly, the failure behaviour of the evaporite was taken into consideration in the
model calculation. This made use of a Drucker-Prager criterion which limited the tensile
stresses to 1 MPa. This enabled rock mass zones to be identified in the model where the
failure criterion is violated and homogeneously distributed deconsolidation occurs. This
allowed the estimation of the influence of this dilatancy zone on the apertures of discrete
fissures in the zone proximal to the shaft, and the estimation of the stress distribution.
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Figure 9.6: FE modelling of the shaft by an axi-symmetrical annular disc (above: total model;
below: detail)

The temperatures measured on the perimeter of the shaft at the various exploration
horizons form the basis for calculating the transient temperature field, and were input into
the model calculations as traverse-type positioned temperature boundary conditions. In
addition, the sinking of the shaft over time was also taken into consideration.

The model calculations were carried out using exploration horizon 3 (EH-550) and explo-
ration horizon 5 (EH-720) as examples, to also be able to assess the depth dependency
of the calculated fissures, apertures, rock mass deformations, and rock stresses. The
theoretical lithostatic overburden pressure was assumed for the primary stress state.
Assuming a constant density of 2.2 g/cm?, this gives a primary stress of approx. 12.8 MPa
for EH-550 and approx. 16.4 MPa for EH-720. This largely matches the results of the rock
stress measurements in the shafts (Chapter 6.3.1.2 and Heusermann et al. 2003a). The
time periods considered in the calculations were 837 days for exploration horizon 3 and
661 days for exploration horizon 5.



142 GEOTECHNICAL EXPLORATION OF THE GORLEBEN SALT DOME Y _aE—

Calculation results

The change over time of the calculated and measured temperatures for several rock
mass points located at different distances from the perimeter of the shaft is shown for
exploration horizon 3 as an example in Figure 9.7. The traverse-type approximated
theoretical temperature plot at the perimeter of the shaft clearly reproduces the marked
oscillation of the measured values. There is a remarkably good correspondence between
the measured and calculated temperatures at the points lying a greater distance from
the perimeter of the shaft. Chapter 6.3.1.1 discusses the temperatures measured in the
proximal zone to the shafts.
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Figure 9.7: Measured and calculated temperature development in exploration horizon 3 in
shaft 1

Figure 9.8 presents an example from exploration horizon 3 of the deformed FE model
with the distribution of the main tensile stresses at time 734 d (without taking into con-
sideration the failure criterion).

The largest fissure apertures determined by the model occur at this time. Cooling gives
rise to tensile stresses in the zone close to the perimeter of the shaft gives rise to tensile
stresses the contact elements to open. The fissure opens to a depth of approximately
4.7 m into the rock mass. Because of the constraints of the model, it is not possible
for fissures to develop in the upper and lower edges of the model. This is why higher
tensile stress values of up to 13 MPa are calculated in these areas — which are actually
impossible because of the lower tensile strength of rock salt. An adjusted model taking
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into consideration the Drucker-Prager failure criterion with a tensile strength of 1 MPa
only gives lower tensile stresses. The length of the fissures is then somewhat shorter and
has a slightly smaller aperture.

14.00
13.00
12.00
11.00
10.00
9.000
8.000
7.000
6.000
5.000
4,000
3.000
2,000

1.000

0.

=1.000

Figure 9.8: Calculated deformation and tensile stresses in the shaft perimeter at
EH-550 fort =734 d

The change in fissures aperture over time directly on the perimeter of the shaft is shown
in Figure 9.9 using exploration horizon 3 as an example — in this case with and without
taking into consideration the Drucker-Prager failure criterion. This reveals that when the
failure behaviour is not taken into consideration by ignoring the dilatant distortions, the
fissure apertures are considerably larger. The time at which the fissures occur is largely
independent of the selected material law.

The maximum fissure apertures for exploration horizon 3 are approx. 4.4 mm (with failure
criterion) or 7.2 mm (without failure criterion). The maximum fissure apertures calculated
for exploration horizon 5 are around 2.1 mm (with failure criterion) or 5.2 mm (without
failure criterion).
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Figure 9.10: Fissure apertures in the shaft perimeter of exploration horizon 3 at time t = 734 d
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Figure 9.10 shows the fissure apertures against distance from the perimeter of the shaft
(corresponds to fissure depth) for exploration horizon 3. The pointin time selected is that
at which the aforementioned maximum fissure aperture occur in each model variant.
Accordingly, the maximum fissure depth in exploration horizon 3 is approx. 3.2 m (with
failure criterion) or approx. 4.7 m (without failure criterion). The maximum fissure depths
in exploration horizon 5 are 1.9 m (with failure criterion) or 3.8 m (without failure criterion).
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Figure 9.11: Calculated changes in principal stresses over time at a distance of 20 m from the
perimeter of the shaft at exploration horizon 3

Figure 9.11 shows the calculated radial, tangential and vertical stresses against time at
a rock mass point in exploration horizon 3 located 20 m from the perimeter of the shaft
without incorporating the failure criterion. The figure also shows the change over time of
the measured and calculated temperatures at the perimeter of the shaft. The temperature
changes occurring at the perimeter of the shaft also have a significant effect on the stress
developments at a distance of 20 m from the perimeter.

Evaluation

In addition to the model calculations, the overall evaluation of the fissures observed in
shaft 1. As well as temperature measurements (Chapter 6.3.1.1), data particularly from
the long-term stress measurements in the rock salt mass (Chapter 6.3.1.3) and the shaft
convergence measurements (Chapter 6.3.1.5) were analysed.
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The comparison of the calculated and measured shaft convergence rates revealed a
good qualitative and quantitative correlation for exploration horizon 3. The measured
data at exploration horizon 5, however, indicate much lower convergence than the model
calculations. This is mainly attributed to the fact that while the calculations assumed the
presence of a uniform stratigraphic unit consisting of Liniensalz (z3LS), actual in situ rock
salt beds (z3BK/BD, z3AM) have much lower ductility.

The model calculations presented here are highly appropriate to theoretically clarify the
causes for the thermally-induced fissures observed in shaft 1, despite the aforementioned
limitations with respect to the selected rock-mechanical model. The results of the model
calculations reveal that the presence of the fissures in the perimeter of the shaft can be
unequivocally attributed to the seasonal weather-related cooling down of the rock mass
at the perimeters of the shaft and the associated development of tensile stresses. The
radial fissuress determined in the model calculations do not jeopardise the stability of the
shaft perimeter as long as fissure patterns with other orientations do not develop, e.g. with
fissure surfaces parallel to the perimeter of the shaft because this could lead to spalling.
A favourable effect for the stability of the shaft is that the fissures close again during the

warming up phase following the cooling down phase.

9.4 Northern cross-measure drift in the exploration area

The drifting in EB1 during 1998 required the line of the northern cross-measure drift to be
defined, particularly with respect to the distance from the northern Hauptanhydrit. BGR
carried out the relevant investigations to define the safety distance required and/or to verify
the selected distance, particularly with respect to the future thermal stress affecting the
rock mass as a result of the emplacement of heat-generating waste. These investigations
involved a range of model calculations taking into consideration the lithological and geo-
technical understanding of the Gorleben salt dome available at the time.

Rock-mechanical modelling

The idealised geological model used in the rock-mechanical modelling is shown in Figure
9.12. It comprises the undifferentiated overburden with Quaternary (q) and Tertiary (t);
the cap rock (cr); the undifferentiated adjoining rock mass with Cretaceous (kr), Jurassic/
Keuper (j’/k) and Bunter Sandstone (so-su); the basement with the Rotliegendes (r) as
well as the rock salt mass with the Hauptsalz (z2HS, undifferentiated), the Hangendsalz
to Ubergangssalz (z2HG-UE), the Kalifléz StaRfurt (z2SF, Trimmer-Carnallitit); Liniensalz
(z3LS), Unteres Orangesalz (z30SU), Oberes Orangesalz (z30S0), Bank/Bandersalz
(z3BK/BD), Buntes Salz (z3BT), Leine-Steinsalz to Aller-Steinsalz (z3-z4, undifferentiated),
and the Hauptanhydrit (z3HA).
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In addition to the homogenous zones, the diagram also shows the shaft axes and the
three possible positions of the northern cross-measure drift with the distances of the
perimeters of the drift to the Hauptsalz/Hangendsalz boundary of 10 m, 30 m and 50 m.
The calculations only take into consideration the distance of 10 m because this distance
is already adequate according to the integrity criteria (LANGER & HEUSERMANN 2001).

In addition, the diagram also shows the position of the emplacement level and the planned
emplacement field. The northern cross-measure drift was assumed to have a height of
3.8 m, a floor with a width of 6.2 m and a maximum width (at a height of 1.8 m) of 7.0 m.

cr
Overburden (g, t)
23LS |
Z3BK/BD ' .
Adjoining rock (kr, so-su) Adjoining rock (kr, j-k, s0-su)
Overburden (q)
e e —
L ia-'ﬂll.z:

I

Figure 9.12: Idealised geological model
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For the temperature field calculations, the thermal material parameters (thermal conductivity,
specific thermal capacity) were assumed to be temperature-dependent for the rock salt
layers, and partially temperature-dependent and partially temperature-independent for
the other formations. Values used for the rock salt depend on the stratigraphy (Nipp et
al. 2003).

The mechanical behaviour of the strata in the overburden, adjoining rock and basement,
as well as the Hauptanhydrit close to the exploration area were exclusively simulated
with a linear-elastic material model. The mechanical behaviour of the plastic rock salt
was simulated by material models which, in addition to elastic deformation, also reflect
steady-state creep in accordance with equation (8.1). Elastic parameters (modulus of
elasticity, Poisson’s ratio, linear thermal expansion coefficient and density), as well as the
material model and its parameters for the steady-state creep of rock salt are specified in

Nipp et al. (2003).

Because of the marked unidirectional strike of the geological structure, and the similarly
oriented northern cross-measure drift, a two-dimensional FE model was generated for the
calculations. A vertical section running centrally through the exploration area, and close to
the geological section in cross-cut 1 West (BornEMANN & BRAUER 1999) was selected for
the calculation plane. The calculation profile selected for the modelling extends 9000 m
horizontally and 4000 m vertically.

The discretisation of the FE model generated 13673 isoparametric 8-node elements and
41168 nodes. The nodes at the two vertical edges of the model can shift vertically but
are fixed in a horizontal direction. The nodes of the lower boundary of the model can shift
horizontally but are fixed in a vertical direction.

Two model variants were looked at. Variant 1 is based on a constant temperature field over
time so that the rock stress in the area of the northern cross-measure drift could be deter-
mined in an isothermal calculation without incorporating the influence of emplaced heat-
generating waste. The calculation time period was 100 years. Variant 2 investigated the
influence on the stress and deformation states of the spread of thermal energy generated
by the emplacement of heat-producing waste. To calculate the transient temperature field,
it was assumed that each final disposal canister contained 3 fuel rods (BSK3 concept with
10-year interim storage period). This gave rise to thermal outputs which were uniformly
spread over the emplacement field in the numerical model. The calculation period for this
variant was 1000 years assuming a 10-year “cold phase” before the start of emplacement.
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Calculation results

In addition to the thermal and mechanical state values, the model calculations also
determined the dilatant and hypothetical frac-risk rock mass zones. These calculation
results are required to assess the mechanical integrity of the rock salt mass (LANGER &
HeusermANN 2001, HEusERMANN 2001).

Because the calculations in this case exclusively assumed elastic material behaviour
and creep for the salt beds, the dilatant zones had to be determined in a subsequent
calculation. This involved calculating the overstepping and undercutting of the dilatancy
boundary after CrisTescu & HunscHe (1998). The zones where the dilatancy boundary is
exceeded are highlighted by colours.

The following presents the results of the model variant that takes into consideration the
spread of heat after the emplacement of heat-generating waste, because there are only
very minor differences compared to the reference case. The dilatant zones in the rock
salt mass after 40 years are shown in Figure 9.13. The only dilatant zones which failed
to satisfy the dilatancy criterion are in the contour of the drifts. The spatial extent of these
zones changes only slightly over time. An approx. 10 m wide intact barrier remains in the
z2HS between the northern cross-measure drift and the critical boundary between z2HS
and z2HG-UE.

2.000

Gorleben / Northern cross-measure drift / Distance of 10 m to z2ZHG-UE 1500
Case 01: ELB (3BE), Panel width 300 m, Borehole depth 300 m
Dilatancy criterion (100%), t = 40 years 1.000

.5000

-5000 ||
-1.000 |_|
-2.000

-2.500
-3.000 | |
-3500 | |
-4.000 | |

-4.500 | |
X
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Figure 9.13: Dilatant rock mass zones after thermal input (t = 40 years)
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The hypothetical frac-risk zones are shown in Figure 9.14 after 40 years. A comparison
with the reference model shows that the zones marked in yellow and red are very localised
at this point in time. The zones which failed to satisfy the frac criterion become even
smaller over time. This is caused by the superimposition of thermally-induced compressive
stresses due to heating, which have a favourable effect on the frac criterion.

Figure 9.14: Hypothetical frac-risk zones after heating up (t = 40 years)
Evaluation

The calculation results confirm that deconsolidation caused by dilatant deformation only
occurs close to the driftwall in the northern cross-measure drift. This dilatancy zone is not
expected to broaden as a result of the thermal effects arising from the emplacement of
heat-generating waste. In fact, the effect of the heat is to reduce the extent of the dilatant
rock mass zone. Even over the longer term, an adequately large intact rock zone remains
in the z2HS between the drift and the critical boundary z2HS/z2HG-UE.

The evaluation in accordance with the frac criterion reveals that the zones which fail to
satisfy the frac criterion are limited to an area close to the northern cross-measure drift.
Even in the long term, the critical boundary between z2HS and z2HG-UE remains in a
rock mass zone which mathematically satisfies the frac criterion.
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The recommendation derived from the calculation results is that a safety distance of 10 m
be maintained from the z2HS/z2HG-UE boundary. This safety distance must also be
observed in drift niches and drilling locations excavated from the northern cross-measure
drift.

9.5 Evaluation of the overcoring tests

The evaluation of the stress measurements carried out using the overcoring method
requires the numerical determination of the depth-dependent and stress-dependent
evaluation factors k because of the non-linear time-dependent deformation behaviour of
rock salt (cf. Chapters 6.1.1.,6.3.1.2 and 6.3.2.2). This should give consideration to all of
the boundary conditions which influence the deformations of the pilot borehole measured
in the overcoring test. These include in particular after HEusermANN et al. (2003a):

= Elastic parameters (modulus of elasticity, Poisson’s ratio)
= Creep behaviour (ductility)

= Installation depth of the overcoring displacement sensor (distance from the mouth
of the pilot borehole)

= Rock stress level (the target parameter to be determined; initially only estimated as
a depth-dependent value)

= Large-scale influence of large cavities (e.g. shafts) on the rock stress state

Because some of these influencing parameters cannot be determined precisely, only a
range can be estimated for the evaluation factor «k, which means that the rock stresses

determined from the in-situ measurement also have an associated range.

Numerical model

In addition to the elastic material behaviour (modulus of elasticity E = 25 GPa, Poisson’s
ratio v =0.27), the model calculations are also based on the steady-state creep according
to equation (8.1). The overcoring usually took around 30 minutes, and took place approxi-
mately one hour after drilling the pilot borehole. This means that a steady-state creep law
is not adequate to simulate the overcoring process because the much higher creep rates
occurring during the initial phase of the transient creep must be taken into consideration. In
the calculations, the simulation of the transient creep used higher steady-state creep rates
as a simplification by incorporating appropriate pre-factors of 500 and 1000 (cf. Table 8.1
and Chapter 8.3). These raised creep rates can be derived from the creep rates measured
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in the laboratory during the transient creep phase. During the first hour after the beginning
of the creep test, they are approx. 500 times to 1000 times the steady-state creep rates.

An axisymmetrical finite-element model is used for the model calculation of the overcoring
test. Figure 9.15 shows an extract of this FE model and focuses on an investigation zone
with a width of 10 m in the radial direction and a length of more than 15.5 m in the axial
direction (borehole direction). The 500 mm long pilot borehole with a radius of 23 mm starts
from the end of the vertically aligned wide borehole with a length of 5 m. The elements
of the overcoring path were removed step-by-step from the FE model to simulate the
overcoring process. Figure 9.15 shows the phase after the end of the overcoring activity,
i.e. all of the elements along the overcoring path have been removed. The deformation
of the pilot borehole occurring during the overcoring procedure was evaluated halfway
down the length of the pilot borehole (red-marked position in the FE model).

Figure 9.15: Axi-symmetrical finite-element model (extract) for the numerical calculation of an
overcoring test
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Calculation results

The calculated overcoring curves for a depth of 1000 m are shown in Figure 9.16 as
examples of different creep behaviours in rock salt. A plot is shown for comparison derived
exclusively from elastic material behaviour. If the creep is taken into consideration, larger
radial deformations occur at the beginning of the overcoring process than in the case with
elastic material behaviour. Roughly halfway through the overcoring process, maximum
negative radial deformations occur at the evaluation point lying halfway down the pilot
borehole because of the temporarily occurring stress concentrations. These are clearly
visible as minimum points in the calculated overcoring plots in Figure 9.16.
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Figure 9.16: Theoretical overcoring plots at 1000 m dependent on the ductility of the rock salt

As coring continues from this point on, the load is released in the hollow cylinder created
by the overcoring and reveals a major expansion of the pilot borehole. The overcoring is
simulated with a constant overcoring speed of around 16.7 mm/min — this corresponds
to an overcoring duration of 30 min. An elasticity-theory-based evaluation of the diameter
changes of the pilot borehole calculated here, usually underestimates the rock mass
stresses.

Numerical determination of correction factors

Because the rock stresses are already specified for each variant of the model calculations,
an evaluation factork =0, /0 can be determined. This factor is dependent on
the primary stress state and therefore also on the depth of the investigation, as shown

evaluation
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in Figure 9.17. A lower value of the evaluation factors of « for a pre-factor of 500, and
an upper value of «_ for a pre-factor of 1000 were determined from the FE calculations
with different stress levels (11.0 MPa, 16.5 MPa, and 22.0 MPa) and the corresponding
formation depths (500 m, 750 m and 1000 m). An average evaluation factor «_ is used
as the basis for evaluating the overcoring tests, and is derived by averaging for the lower
and upper limits.

The evaluation factors determined from the model calculations are shown against the
depth and ductility in Table 9.1 for shaft 1. in Table 9.2 for shaft 2, and in Table 9.3 for
EB1. The average evaluation factors «_ were used to evaluate the overcoring tests (cf.
Chapter 6.3.1.2).
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Figure 9.17: Evaluation factor k against the investigated depth

Table 9.1:  Gorleben, shaft 1, evaluation factor « for overcoring tests

Gorleben Shaft 1
OrePeN " pepth [m] <[] <[] <[]
EH1
EH2 479.4 0.98 1.00 1.02
EH3
EH4 677.2 112 1.18 1.24
EH5 744 .2 1.19 1.26 1.33




N 7 GEOTECHNICAL EXPLORATION OF THE GORLEBEN SALT DOME 155

Table 9.2: Gorleben, shaft 2, evaluation factor « for overcoring tests

Gorleben Sl
Depth [m] i [-] i [] i [-]
EH1 — - -—-
EH2 478.6 0.98 1.00 1.02
EH3 601.6 1.06 1.10 1.14
EH4 --- --- --- -—-
EH5 791.2 1.25 1.325 1.40

Table 9.3:  Gorleben, exploration level, evaluation factor « for overcoring tests

e Exploration level
Depth [m] K, [-] k. [] K. []
EB1 840.0 1.31 1.40 1.48

10 Summary

The exploration of the Gorleben salt dome located in the Lichow-Dannenberg rural
district in Lower Saxony, began in 1979 and continued until the start of the moratorium
on 1 October 2000. At the start of the moratorium, all of the investigations were suspended
with the exception of the measurements to monitor underground workings. This report
describes the investigation methods and the results of the underground geotechnical
exploration of the Gorleben salt dome, as well as the associated laboratory tests and
model calculations. Because the underground exploration had to be suspended, and the
work at EB1 had therefore not been finished, this report cannot be considered complete
with regard to an overall geotechnical evaluation of the salt dome.

The geotechnical exploration of the salt dome is founded on the findings from geological
exploration activity with the aim of understanding the behaviour of the evaporite beds
around the underground workings after they have been affected by excavation activity,
as well as to record their physical properties. To achieve these aims, exploration locations
and measurement profiles for the geomechanical monitoring were set up and in-situ tests
were carried out. The characterisation of the rock also involved determining the lithological
parameters in laboratory tests. These results are used as the basis for stability calculations
and long-term safety analysis. This report documents the status of the geotechnical
exploration of the Gorleben salt dome. The main findings are summarised below.
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Findings from the seismological monitoring

The Gorleben site can be categorised seismologically as a quiet area from the results
of the seismological monitoring of the Gorleben salt dome, which has taken place per-
manently since 1986, and taking into consideration historical findings. This “seismological
quiescence” does not just refer to stronger earthquakes with macroseismic effects, but
also microseismic events. From a seismological point of view there is no evidence of
safety-relevant displacements or fracturing processes.

Findings from the geothermal investigations

For determination of the initial temperature field at EB1, laboratory tests to quantify the
thermo-physical properties of the host rock and in-situ temperature measurements in
boreholes were implemented, in addition to geothermal model calculations.

The laboratory tests revealed that the investigated rock salt has a very low porosity. The
thermal conductivity dependent on temperature and pressure, as well as the temperature-
dependent thermal capacity of the analysed halites, correspond to the standard figures
reported in the literature, whilst the thermal expansion coefficients determined by the
testing are slightly lower than the standard values because of the presence of natural
material inhomogeneities.

Geothermal in-situ measurements were used as the basis for determining the primary
three-dimensional temperature distribution in the salt dome, which corresponds to the
temperature field postulated by the model calculations. The primary rock temperature
at a reference point at the 840 m level is thus 37.85 °C, and the average geothermal
gradientis 2.35 K/100 m depth increase. The asymmetry of the salt flanks means that the
temperatures orthogonal to the axis of the main anticline decline slightly from north-west
to south-east. In a horizontal direction at the depth of the exploration level, an increase
in the primary rock temperature of around 1.3 K was determined from the southernmost
underground workings to the intersection of the northern cross-measure drift with cross-
cut 1 East in the north.

Findings from the geomechanical in-situ measurements

Together with BfS, BGR designed and implemented a comprehensive geomechanical
exploration programme which incorporated short-term tests as well as long-term ob-
servations in a range of locations throughout the underground workings. The short-term
tests were provisionally concluded at the beginning of the moratorium, whilst the long-term
observations to monitor the underground workings and the rock mass were continued.
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The measurement of the primary rock stresses around the shafts and at the exploration
level revealed that it is correct to assume an isotropic primary stress state in the salt dome
and a linear increase in primary rock stresses with a density of 2.1 t/m3.

The results of the long-term stress measurements are significantly influenced by tem-
perature effects. On the one hand, there is an oscillation in the measured stress changes
which clearly correlates with seasonal fluctuations in the temperature of the ventilation air
in the mine. On the other hand, the cooling down and the associated contraction of the
rock mass is currently causing the measured stress changes to decline. However, when
a stationary temperature distribution has been established, a renewed increase in the
stress is expected up to the level of the primary rock stresses.

The deformation measurements are affected by the ventilation air temperatures in a
similar way, resulting in significant seasonality in the measurement results. The size of
the deformations is largely determined by the density of the underground workings and
the geological conditions existing at the measurement locations. Single underground
cavities are usually affected by greater levels of deformation than underground workings
in more intensely mined zones. In terms of the dependency of deformation on geology,
observations revealed that the deformations are highest in geologically older stratigraphic
units (Hauptsalz of the StalRfurt-Folge), and decrease towards the geologically younger
beds (Bank/Bandersalz of the Leine-Folge). This finding is verified by the results of the
laboratory investigations. The only exception is the Anhydritmittelsalz (z3AM) which la-
boratory tests proved to have only a low level of ductility. This contrasts with the in-situ
measurements which revealed a much higher deformation capacity. The causes of these
findings need to be investigated further on the basis of additional in-situ and laboratory
analysis.

Much of the observed deformation is a result of rock mass deformation close to the
perimeters of underground workings, probably caused by excavation-related damage
to the rock. Rock mass zones at a greater distance from the underground workings,
however, also contribute to the deformation of the underground workings as a result
of the lithologically-dependent creep behaviour. The deepest measurement points of
the installed extensometers and inclinometers can therefore not be considered as fixed
points. This means that the deformation measurement data must be supplemented
by determining absolute position changes (e.g. levelling measurements) to allow the
unequivocal identification of uplift and subsidence, as well as compression, extension
and potential changes in the inclinations of the shafts.

The instrumental monitoring of the Gorleben Bank has so far not shown any displacements
indicating an opening of this fabric horizon. However, the measurement results do reveal
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shear deformation at the level of the Gorleben Bank mostly aligned into the underground
workings. This shear deformation was probably initiated by the excavation of the under-
ground workings and will gradually approach a final value determined by the specific
geological and geometrical conditions existing at each measurement location.

Findings of the rock-hydraulic investigations

Amongst other analysis, the existence of a containing rock zone has to be investigated
in order to verify the long-term safety of a planned geologic repository. The hydraulic
characterisation of the Gorleben salt dome therefore has to take into consideration the
spatial distribution of tight rock salt, dilatant zones in the rock salt, jointed anhydrite, and
isolated occurrences of fluids in order to identify potential transport path for radionuclides
in the salt structure.

In Exploration Area 1 permeability measurements were carried out in one exploration
borehole until the start of the moratorium. All of the test intervals were within the Streifen-
salz (z2HS2) of the Stal¥furt-Folge (z2). A disposal of heat generating radioactive waste
will take place in the Hauptsalz in the case that the Gorleben salt dome is found to be
suitable for this purpose. The upper limits for the permeability of the rock mass calculated
from the test of borehole intervals with nitrogen lay between 2-102" m? and 5-10% m2.
Because of the moratorium on further exploration work, no tests were carried out in the
Kristallbrockensalz (z2HS3) or in the Knauelsalz (z2HS1). Additional investigations are
required because the data produced to date are inadequate to characterise the hydraulic
properties of the stratigraphic units in EB1.

The permeability measurements carried out in the salt dome identified no significant
excavation-damaged zone in the rock salt mass beyond 30 cm from the perimeters of
the cauvities.

All occurrences of fluids which were encountered up to the start of the moratorium were
proven to be isolated without any connection to an aquifer outside of the salt dome. On the
basis of the geological understanding acquired so far, the occurrences of fluids penetrated
by exploration boreholes can be assigned to specific stratigraphic units within the salt
dome. Brines and gases are stored, for example, in joints within the Hauptanhydrit. The
calculated sizes of the occurrences of fluids are consistent with the geological model of
the Gorleben salt structure. The maximum amount of brine that flowed into an exploration
borehole from an occurrence of fluids was 165.7 m3. This occurrence of fluids was outside
the potential area for waste emplacement, which is located in the Hauptsalz of the Stalfurt-
Folge (z2).
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Findings from the laboratory investigations

A comprehensive laboratory analysis programme was planned for the geomechanical
characterisation of the evaporite beds encountered in the Gorleben exploration mine.
Only part of this laboratory programme was implemented before the beginning of the
moratorium.

The results of the tests carried out to date permit a reliable determination of the elastic
material parameters to describe the deformation behaviour of the investigated rock salt.
No significant dependency of the calculated moduli of elasticity on the stratigraphic units
was found. In terms of strength behaviour, only a minor scatter in the failure strength the
individual rock salt units has been determined so far. Natural differences in the failure
strength and the deformation behaviour are due to the nature and extent of mineral
inclusions and the fabric properties of the samples. As an overall trend, there is an increase
in the strength (with a simultaneous decrease in deformability until failure) with a decrease
in the age of the rock salt.

The comprehensive creep tests which were carried out reveal a significant dependency
on the age of the stratigraphic units: geological hanging beds (younger stratigraphic units)
usually creep much more slowly than the geological underlying beds (older stratigraphic
units). In addition, the creep could be shown to increase in tectonically strongly condensed
zones and internally strongly folded zones. However, creep decreases with the presence
of finely distributed impurities, whilst coarse-crystalline salt usually creeps faster than
fine-crystalline salt.

The test results provided the basis for identifying homogenous zones by definition of
creep classes, which are input into the model calculations to verify the stability of the
underground workings and the integrity of the salt barrier, as well as to forecast the long-
term thermo-mechanical behaviour of the underground workings and the host rock.

Because of the moratorium, it has so far not been possible to adequately investigate the
beds of Kristallbrockensalz, Bank/Bandersalz and part of the Buntes Salz. There has also
been no sampling at all of the beds of Hauptanhydrit and the carnallitic Kalifléz Stalfurt.
To address specific issues, it may be necessary to include the beds of Grauer Salzton and
thin beds such as the transition layers from the Hauptsalz to the Grauer Salzton or the
Gorleben Bank in a subsequent investigation programme. As the in-situ measurements
showed, more detailed investigations are also required on the mechanical behaviour of the
Anhydritmittelsalz (z3AM). It is not yet possible to assess whether the thinner or peripheral
rock types with respect to the underground workings also need to be investigated in detail
to provide an adequately complete geomechanical model.
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Findings from the model calculations

The exploration of the Gorleben salt dome included implementation of location-specific
model calculations to evaluate and interpret the geotechnical in-situ measurements and
local observations, as well as to define the positions of exploration drifts. The calculations
were carried out using the finite-element method, incorporating suitable material models
and location-specific material parameters for the thermo-mechanical rock mass behaviour.

A numerical model was developed to interpret the deformation measurements which was
used to analyse how the sinking of the shafts and the instationary temperature spread
arising from the mine ventilation influence the deformation behaviour of the rock salt
mass. The calculation results revealed a good correlation between the temperatures
calculated for different distances from the shaft and the temperatures measured at relevant
extensometer anchor points. There was also a satisfactory correspondence between the
calculation results and the measurement data with respect to the relative displacement
of extensometer anchor points and convergence measurement data. In addition, the
calculations also confirmed the finding of the in-situ measurements that the deepest
measurement points of the extensometers and inclinometers cannot be taken as fixed
points.

Other model calculations have the objective of analysing the causes of the radial fissures
observed in shaft 1 after establishment of a circulatory mine ventilation system. The calcu-
lations clearly showed that the fissures were caused by the cooling down of the perimeter
of the shaft and the associated tensile stresses developing in the proximal perimeter
zone. However, the model calculations also indicated that the radial fissures do not have
any negative impact on the stability. This mathematical finding concerning the stability
is supported by the observation that the subsequent warming up of the perimeter of the
shaft after the cooling down caused the fissures to close again.

BGR carried out model calculations to provide planning data for investigation and definition
of the safety distance required between the northern cross-measure drift and the northern
Hauptanhydrit bed with regard to future thermal stress arising from the emplacement of
heat-generating waste. These model calculations confirmed that an excavation-damaged
zone is limited to the narrow halo around the perimeter of the northern cross-measure
drift. Instead of becoming wider as a result of additional thermal stress, this excavation-
damaged zone actually shrinks as a consequence. The findings thus confirmed that the
planned safety distance between the northern cross-measure drift and the Hauptanhydrit
is adequate.
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Despite the fact that the exploration of the Gorleben salt dome has not yet been concluded,
the results of the investigations of the salt dome so far show no findings which diminish
the potential suitability of the Gorleben salt dome from a geotechnical point of view.
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Appendix 1: Geological base map of the 840 m level after BornemANN et al. (2002)
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Appendix 2: Vertical geological cross-section through shafts 1 and 2 after BornemAaNN et al. (2002)
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