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Motivation
When planning of drift seals was started knowledge on EDZ and contact zone was little


→ grouting measures were provided, tentatively


Discussion: Grouting of (damaged) salt is ineffective!
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Successful historical example


(1) Cementitious grout injected into a joint during construction
(3 MPa)


(2) Cementitious grout injected using drain off pipes (4 MPa)


(3) Inefficient, increasing inflow


(4) Silica sol & compatible brine acc. Joosten using injection
boreholes (10-15 MPa)


(5) Tightness was achieved against 7.5 MPa inflow pressure
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Hints 1930:


(1) Apply high injection pressures


(2) Avoid particle filtration


(3) Select a liquid for grouting that ingresses smallest cracks and openings


Grouting of (damaged) salt can be effective if some conditions are fulfilled.


Conclusions from historical example
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setting αb =1 


Δp Minimum effective stress


Hydromechanical behavior of salt


intact/slightly damaged rock salt [Popp et al.]   damaged rock salt


If the injection pressure is close to the minimum stress grouting of salt is possible!
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Opening width s Grouting material 


cavernous structures, fractures,  and fault


zones s > 10 mm


cement mortar, cement suspension, clay-


cement suspension, artificial resin


cracks and fissures 100 mm > s > 0.1 mm* cement suspension, clay-cement suspension, 


and silicate solution, artificial resin


cracks and fissures s < 0.1 mm silicate solution, artificial resin


* The limit width of very fine binder suspensions is about s = 0.05 mm.


Particle based grouting materials filtrate → select a liquid for the final injection stage!


Grouting Materials


source: Dalmalm
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Knowledge on


(1) Extent of EDZ to determine the injection area


(2) Permeability of the EDZ to select suitable grouting materials and define
necessary injection stages


(3) The rock pressure, i. e. least principal stress component to define injection
pressure and injection pressure limit (avoid hydraulic fracturing)


What else is needed


Adequate stiffness of sealing body (e. g. masonry, suitable salt or sorel
concretes) in order to restrict re-opening of cracks and fissures
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In situ tests at Niedersachsen-Riedel


surface packer


injection
process


after 
injection
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Surface packer Initial permeability Final permeability Pressure


SP 2 6.0 E-16 m² 3.3 E-18 m² 0.46 MPa


SP 4 8.5 E-15 m² 1.6 E-17 m² 0.29 MPa


SP 6 2.7 E-15 m² 3.2 E-17 m² 0.46 MPa


Results – permeability to gas


Example: 
Pressure drop at SP 6
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Results – core sample SP4


Polished section


Front view: Daylight and ultraviolett 
light
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Grouting process


Hockey stick effect (source: Funehag)


Identification of permeability
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Summary & conclusions


Grouting of (damaged) rock salt is effective if


(1) High Injection pressures (close to the least principal stress component of the
surrounding rock salt) are applied → rock salt becomes permeable


(2) The sealing body shows adequate stiffness to restrict deformations due to high 
injection pressures


(3) A liquid is used in the final injection stage in order to seal smallest cracks and
crack tips


The observations & recomendations from the 1930´s  were correct, however, 
now we know why!
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In-Situ Acoustic Emission (AE)


Introduction
- Acoustic Emission 


- Asse II salt mine


Monitoring setup
- AE sensor arrays


- Data, waveforms


- In-situ localisation


Results, conclusion


Acoustic Emission 
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AE Measurements in Laboratory


Thompson et al. 2009
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In-situ 
Acoustic Emission 


(AE) studies


Frequency range in seismic monitoring
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Geologischer Südwest-Nordost-Schnitt durch die Salzstruktur Asse (Quelle: Risswerk /bfS 2009a/) 


Asse salt dome: cross section South to North 
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Asse salt dome: cross section South to North 
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AE sensor layout: Map view 490 m level


Chamber 3 Chamber 4
16 AE sensors 16 AE sensors





10 m
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Map view


Side view from South, West-East cross section Side view from East


Map view
Chamber 3                         Chamber 4
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In-situ AE monitoring: waveforms
- Sampling rate 1 MHz, signal frequency 1-100 kHz, time window 32 ms
- Automatic picking of P and S onsets
- Automatic event localisation
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Localised AE events: February to November 2013
Map view
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Localised AE events: February to November 2013
Map view
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Localised AE events: February to November 2013
Map view, rotated
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Localised AE events: February to November 2013
Map view, rotated
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AE clusters, device 4. Locations below roof level clipped
South-North cross section
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AE clusters, device 3. Locations below roof level clipped
South-North cross section
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Localised AE events: February to November 2013
Map view, rotated
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Localised AE events: February to November 2013
Map view, rotated
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AE clusters southern flank, locations below roof level clipped
East-West cross section
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South-North cross section, locations below roof level clipped
AE clusters southern flank
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South-North cross section
AE clusters southern flank
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South-North cross section
AE clusters southern flank
AE cluster above
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South-North cross section
AE clusters southern flank
AE cluster above
AE cluster northern flank
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AE clusters southern flank
AE cluster above
AE cluster northern flank


South-North cross section, rotated







Acoustic Emission – Ultrasound – Microseismicity – Sensor Development - Research


Joachim Philipp j.philipp@gmug.eu


AE clusters southern flank
AE cluster above
AE cluster northern flank


South-North cross section, rotated


No seismicity observed
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AE clusters southern flank
AE cluster above
AE cluster northern flank


South-North cross section, rotated


No seismicity observed
Seismicity nonexistent


???
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AE clusters southern flank
AE cluster above
AE cluster northern flank


South-North cross section, rotated


No seismicity observed
Seismicity nonexistent


???
Active boundery like


above or Northern flank 
nonexistent here


???
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AE clusters southern flank
AE cluster above
AE cluster northern flank


South-North cross section, rotated


No seismicity observed
Seismicity nonexistent


???
Active boundery like


above or Northern flank 
nonexistent here


???
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West-East cross section
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West-East cross section
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West-East cross section
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AE clusters separated
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Asse salt dome: cross section South to North 
Position of AE clusters preliminary
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AE activity Device 4
Anlage 4, Ortungsraten, 04.02.2013 bis 30.09.2013
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Anlage 4,Triggerraten, 04.02.2013 bis 30.09.2013
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Trigger rate, 04.02.2013 – 30.09.2013
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www.gmug.euIn-Situ AE monitoring, Conclusion


- Applicable in active operating mines
- Localisation of very small microseismic events
- Highest sensitivity compared with common


microseismic methods
- Ability to monitor rock volume far from sensor array, 


distance > 150 m
- Clusters of AE events show ongoing deformation


processes and damaging processes
- New insights for safety assessment
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www.gmug.euIn-Situ AE monitoring, Conclusion


- Applicable in active operating mines
- Localisation of very small microseismic events
- Highest sensitivity compared with common


microseismic methods
- Ability to monitor rock volume far from sensor array, 


distance > 150 m
- Clusters of AE events show ongoing deformation


processes
- New insights for safety assessment


Thank you for your attention
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Outline
 Background
 Teutschenthal mine (hazardeous waste repository)


 Long term sealing concept of the shaft “Saale”


 Construction materials:
 MgO-concrete
 Crushed salt / clay mixture


 Lab investigations  - approach / results
 Compaction / strength behavior
 Permeability


 Summary


Improved crushed salt/clay backfill
Experiences from the seal concept


Shaft “Saale” – Teutschenthal mine
T. Popp, D. Weise, K. Salzer & W. Minkley


Institut für Gebirgsmechanik GmbH, Leipzig, Germany


In collaboration with  W. Kudla, M. Gruner, D. Freyer (BA Freiberg)
and K. Mänz (GTS Teutschenthal)


Overburden
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An unusual shaft seal project - „Shaft Saale“


 Current situation of the „Shaft Saale“


 Allready sealed by a clay plug in the overburden
in 1983  not a long-term tight seal


 No access to the lower shaft end
 Brine surface at around 746 m in the shaft,
 brine pressure in the mine
 water bearing layers in the overburden (the


sealing will not discussed here)


Due to the risk of rock-bursts backfill measures with
hazardeous waste are performed, but, therefore, a 
long-term safe closure of the mine is required. 


Constructed 1910 – 1912
Depth 826 m


Overburden
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Construction materials


Technical 
Workability
e.g. site concrete, 


shot concrete,
pre-consolidation


Material 
behaviour


e.g. heat
development


during setting, 
shrinking


Long term
stability


Geochemical
compatibility with


the host rockTightness


e.g. Sealing
element


Strength
e.g. abutment


Demands
Overburden


 A universal toolbox of construction
materials is available
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Construction materials


Technical 
Workability
e.g. site concrete, 


shot concrete,
pre-consolidation


Material 
behaviour


e.g. heat
development


during setting, 
shrinking


Long term
stability


Geochemical
compatibility with


the host rockTightness


e.g. Sealing
element


Strength
e.g. abutment


Demands
Overburden


 A universal toolbox of construction
materials is available


Crushed
salt / clay


MgO-
concrete
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MgO-concrete: Magnesium-oxide material - compositions


Long term 
stability


against salt
solutions


Strength 
-


Tightness


Composition


MgO + MgCl2


Binder + 


aggregates


Technical 
Workability


MgO-reactivity, 
rheology


3 - 1 - 8
3 Mg(OH)2 ∙ MgCl2 ∙ 8H2O


5 - 1 - 8
5 Mg(OH)2 ∙ MgCl2 ∙ 8H2O


Long term stable


mineral phase


Meta-stable


mineral phase


Inflow of MgCl2
bearing brine
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MgO-materials - strength


A1


3-1- 8  compos it ion
wit h rock  sa l t
aggregates


DBM2 (B2)
3-1-8  compos it ion 
wi t h  Micros i l i ca u .  
anhydri te


C3 –binder / 
concrete


3-1- 8  compos it ion
wit h quartz -aggr.


D4 ( M B 10 
c o n cr ete - C A R L A )


5-1- 8  compos it ion
wit h G ravel /sand
aggregates


A1


DBM2
C3


D4


 MgO-materials have favored 
construction properties:


 Strength / Tightness (not shown here)
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Crushed salt consolidation: material and testing


 85 % crushed salt:
 maximum grain size:  32 (4) mm


 15 % Friedländer  clay
 Water content:   4,5 %


 Pre-compaction to a specific
porosity of around 15%  =  
in situ-consolidation state


Sample Densitydry


rtr [g/cm3]
Densitywet


rf [g/cm3]


Water
cont. 
w [%]


Porosity
n    [%]


Saturat.  
s [%]


476/SV1 1,97 2,06 4,5 13,5 54,2


476/SV2 1,94 2,03 4,5 14,8 49,0


476/SV3 1,93 2,02 4,5 15,1 47,8


476/SV4 1,93 2,01 4,5 15,3 46,9


476/SV5 1,94 2,02 4,5 14,9 48,6


476/SV6 1,93 2,02 4,5 15,2 47,3


476/SV7 1,96 2,05 4,5 13,9 52,7


476/SV8 1,93 2,02 4,5 15,0 48,1


Investigation program
 Stress-controlled isostatic compaction tests
 Triaxial strength testing
 Gas permeability at isostatic compaction
 Brine permeability during isostatic creep test
 Shear tests on backfill / rock salt interfaces


 Use of additives : humidity/clay
 Improvement of the compaction
 Reduction of permeability


Source: BA Freiberg
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Compaction of crushed salt / clay aggregates


 Fast and efficient, time dependent
compaction until the order of the fluid filled
pore space


s1 = s3


DV/V = f (s)


Isostatic
compaction in a 
triaxial Kármán-
cell


s1


s3


eAx


DVoil


Grain fraction > 16 mm
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Deformation behaviour of crushed salt / clay aggregates


s1 > s3


Ds = f (e1)
DV/V = f (e1)


Deviatoric 
deformation in a 
triaxial Kármán-
cell


 The overall deformation is
dominated by compaction:
• At low pressures onset of


dilatancy corresponds to the
rock strength but the general
strength is low


• At higher pressures
(compacted state)  strength 
increases and more or less
plastic behaviour dominates


s1


s3


eAx


DVoil


s3 = 10 MPa


2MPa


s3 = 10 MPa


2MPa
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Gas-permeability of crushed salt / clay aggregates – Short term test


s1


s3


eAx


DVoil


qgas


N2
pi


)pp(A
lqpk 2


2
2
1


002







Gas permeability
testing


 Compaction of the sample 
results in a significant
permeability reduction, but


 2-phase flow effects, i.e. a 
capillary pressure threshold, 
can not be excluded.


 Gas flow measurements are
not representative to describe
the hydraulic behaviour


Pore pressure
effect !
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Brine-permeability of crushed salt / clay aggregates – Creep test


s1


s3


eAx


DVoil


fluid
pfl


qfl


pc


Fax


40 mm


fl
fl pA


lqk
D


D



Stationary
Darcian
Fluid flow


 Saturation of the sample results in enhanced
compaction at low pressures


 Compaction creep is accompanied with a 
drastic permeability decrease until the order of
10-20 m2, despite a remaining porosity of 8%


s = 1 MPa
pbrine = 0,6 MPa


s = 2 MPa
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Crushed salt / clay mixture: Hydraulic properties


gas brine


 Low initial permeability in 
the saturated state: lower
than for pure crushed salt


 Permeability for
brine < gas:  Reasons?
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Proof of the long term safety – hydro-mechanical calculations


 Usability of the design concept
 Prevention of water inflow to the mine


 Prevention of outflow of contaminated fluids
from the waste


 Stability against hydro-mechanical loading, 
i.e. no collapse or loss of integrity


746,2


712,1


Lösungsspiegel


MgO-Beton


Asphaltmastix


Binäres
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Considered
processes
• Convergence-


induced ompaction
of the sealing
elements


• Water saturation of
the bentonite sealing
element DE2  
Development of
swelling pressure


• In the crushed salt / 
clay element
decrease of the
permeability due to
associated
compaction and
healing processes


 Change of the load
support from the
lower abutment to
the upper sealing
(abutment) elements
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Lessons learned


 A tool box of possible construction materials -
according to the demands - is available
 Complementary sealing elements (e.g. Bitumen, 


crushed salt)  efficient long term seal of shafts
 MgO-concretes are well proven construction materials


in salt formations
 Wetted crushed salt / clay mixtures (85:15) have


favored backfill properties:
 The backfill resistance is low  easy in situ-


consolidation
 Low initial permeability: 10-15 - 10-16 m2


(pre-compacted: ca. 15% porosity ).
 Compacted wet material (porosity  = some few %) has


a permeability in the order of 10-20 m2.
 What happens in the long-term with the remaining


brine (ca. 4.5 %) in the sealing plug?


 Experiences from conventional shaft sealing
concepts (during decomissioning projects) 
give valuable input for sealing concepts in 
nuclear waste repositories


Shaft condition  20.05.2004                                                           © Lars Baumgarten


07/2013 Pre-studies (i.e. safety proof) finished


in 2013/14 Technical execution planning
until 2015/16: Re-opening of the shaft
2018 – 2020 Installing of the improved shaft seal









