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Framework


REPOPERM Phase 2: Joint project of BGR, DBE TEC and GRS


detailed understanding of crushed salt as backfill material


Thanks are due to my co-workers
Dieter Stührenberg (BGR)


Ulrich Heemann (BGR)


Chun-Liang Zhang (GRS)


Oliver Czaikowski (GRS)
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Principle of backfill compaction in a drift


Fast convergence of host rock
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Principle of backfill compaction in a drift


Fast convergence of host rock


Compaction of backfill
 Activation of compaction resistance
 Building of stresses in the backfill
 Decreasing convergence rate


Building of stresses in the rock
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Principle of backfill compaction in a drift


Fast convergence of host rock


Compaction of backfill
 Activation of compaction resistance
 Building of stresses in the backfill
 Decreasing convergence rate


Building of stresses in the rock 


End of convergence
 No movement of the drift contour
 Maximum stresses in rock and backfill
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Additional phenomena


Mechanical process


Thermal influence


Hydraulic processes
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Relations


Increased temperature accelerates 
 Compaction
 Brine flow


Brine inflow accelerates
 Compaction
 Heat flow (theoretically)


Compaction 
 Decreases brine inflow
 Accelerates heatflow (theoretically)


→ Quantifying material models 
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Compaction


Methods
 Uni- and triaxial compaction tests under different repository-relevant conditions


• Mechanical loading
 Strain-controlled loading
 Stress-controlled loading


• Increased / varied temperature 
• Different water content / flooding


Materials
 Same grain size distribution
 Varied maximum grain size; 8 mm and 32 mm
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Some results for the compaction tests


Results from uni- and triaxial tests


 Qualitatively similar
 Needs to be reconciled quantitatively


Results for different maximum grain sizes
 Little differences in compaction behaviour
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Long-term compaction test


Three test cells


Stress-controlled oedometer test


Different initial water contents; 
 0 % - oven dry
 0.1 % - state at delivery
 1.0 % - artificially wetted


Stepwise load increase


Varying temperatures


Flooding with brine
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Load history
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Isothermal compaction
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Data is preliminary!


Dismantling will 
commence soon
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Influence of water vapour on the permeability 


Dry crushed salt 
 at 20 MPa
 at a porosity of ~ 1%
 gas permeability ~ 10-18 m²


Exposure to vapour at 75 % relative humidity
 gas permeability ~ 3∙10-21 m² and lower


Same low permeability after drying
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Unsaturated / two-phase flow


Local inflow into the backfill 


EOS (rel. perm. and cap. press.)


Measurements 
 of backfill material with realistic grain size distribution
 at different degrees of compaction required
 since similarity laws (from the oil industry) don’t help


Pilot test at ~ k=7∙10-15 m² successfull


Further tests are underway
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A new constitutive model by BGR


Based on a geometric grain model


Three different compaction tests → stress exponent 12 ≤ n ≤ 20


Assumption of grain hardening with deformation


Evaluation of experimental data
 Stress exponent 5 ≤ n ≤ 6
 In good accord with rock salt


Implemented in BGR-code JIFE


Enhencements are underway for 
 a hyperbolic creep law instead of the conventional power law
 wet compaction
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Modelling benchmark
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Sequence and outcome 


Starting point
 Material parameters for dry compaction from the BAMBUS project (parameter set A)


Modelling an earlier strain-controlled compaction test of BGR
 Failed with parameter set A
 Optimisation of parameters (parameter set B)
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Sequence and outcome 


Starting point
 Material parameters for dry compaction from the BAMBUS project (parameter set A)


Modelling an earlier strain-controlled compaction test of BGR
 Failed with parameter set A
 Optimisation of parameters (parameter set B)


Modelling the stress-controlled long-term test of GRS
 Failed with parameter sets A and B


Modelling benchmark 25







Sequence and outcome


Starting point
 Material parameters for dry compaction from the BAMBUS project (parameter set A)


Modelling an earlier strain-controlled compaction test of BGR
 Failed with parameter set A
 Optimisation of parameters (parameter set B)


Modelling the stress-controlled long-term test of GRS
 Failed with parameter sets A and B
 Optimisation of parameters (parameter set C)
 Modelling wet compaction


Modelling benchmark 26


Optimisation of parameters (parameter set C)
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Summary


Goal: Reliable prediction of backfill compaction
 Experimental investigations under repository-relevant conditions
 Development of constitutive models
 Check existing models


Broad data base for checking material models


Many interim results


Some unresolved questions
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Conclusions


Experiments
 Flooding with brine under high stresses accelerates compaction considerably
 Water vapour / little initial moisture can assist the sealing function considerably
 Two-phase flow measurements in realistic buffer/backfill material are possible


New constitutive model
 May reconcile contradicting findings concerning stress exponents


Modelling benchmark
 In principle predictions are possible
 However, more work has to go into developing material models
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Outlook


Further investigations are required
 to quantify of the transition between dry and wet compaction
 to quantify the influence of high humidity in the pore atmosphere
 to quantify the dependency of equations of state for two-phase flow on the degree 


of compaction
 to evaluate the numerical modelling capabilities for the long-term deformation 


behaviour in the backfill
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Thank you for listening!
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Motivation:
 Excavation of rock salt at deep levels (~1000 m below the surface)


 Construction of underground storages for gas and liquid hydrocarbons


 Effective underground storage of hydrogen and compressed air


 Prospecting for optimum site for uderground radiactive waste disposal


Practical aspects


 Determination of maximum 


dimensions of mine


chambers or caverns


and related safety pillars


and shelves


 Estimation of stored gas


pressure in gas caverns


Scientific aspects


 Recognition of variability


in geomechanical properties


of rock salt in different


geological settings


 Determination of appropriate


constitutive equations and 


long-term strength of rock salt 


8th Conference on the Mechanical Behavior of Salt, Rapid City 2015, Ślizowski, J., Nagy, S., Burliga, S., Serbin, K., Polański, K.
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Target
Comparison of geomechanical properties of rock salt from 


stratiform beds and diapirc structures and simulation of cavern


convergence based on laboratory test results.


Methods
 analyses of meso- and micro-scale structures in core samples 


 subgrain size palaeopiezometry in halite


 uniaxial and triaxial compression and creep tests


8th Conference on the Mechanical Behavior of Salt, Rapid City 2015, Ślizowski, J., Nagy, S., Burliga, S., Serbin, K., Polański, K.







(after Charysz 1971,1973; Thickness data after:  Werner i in. 1960, 
Kucia 1970, Charysz 1971, 1973, Werner 1972, Chandij 1976. )(IUGS, 2013)


(Maystrenko et al., 2012)
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(after Krzywiec, 2004)


(based on Wagner, 1994, 1998, and Lokhorst ,1998)
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(Garlicki  et al., 1996)
Salt formation faults


diapiric salt structure


stratiform deposits







Strength of salt in uniaxial
and conventional triaxial test
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Ultimate strain of salt in uniaxial
and conventional triaxial test
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Stationary creep rate
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Multi-step creep tests
Mechanical properties of salt
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Tested samples


Fine-grained
(MSD)


Medium-grained
(FSHSD)


Coarse-grained
(MSS)
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Mechelinki Salt Deposits
(MSD)


Fore-Sudetic Homocline Salt Deposits
(FSMSD)







Mogilno Salt Structure
(MSS)
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Multi-step creep test of medium-grained salt 
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Multi-step creep test of fine and coarse-grained salt


Mechanical properties of salt
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Four sets of Norton creep law coefficients
Variant A [‰*d-1*MPa-n] Q/R [K] n [-]


1a 2.113 5000 4


1b 1.69 5000 5


2a 219.65 6500 4


2b 175.72 6500 5
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Strain rate vs. differential stress
– slow-creeping salt
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Strain rate vs. differential stress
– fast-creeping salt
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 Two codes for axisymmetric analyses


 Kaga (FDM) – temperature distribution
within the cavern


 Geosolk (FEM) – stress-strain state


 Cavern – cylinder 50 m x 200 m (total 
volume of 392,700 m3) 


 Depth of cavern center: 800, 1100 and 
1400 m b.g.l.


 The initial rock mass temperature 
changed linearly with depth


Numerical calculations


8th Conference on the Mechanical Behavior of Salt, Rapid City 2015, Ślizowski, J., Nagy, S., Burliga, S., Serbin, K., Polański, K.







Load path for simulated caverns
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Temperature variation at the cavern center
(1100 m b.g.l.)
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Relative convergence of slow and fast-creeping salts
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Relative convergence of fast-creeping salt (type b)
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Conclusions


 Long-term stability of mining excavations is very diverse; the main
factor affecting their stability is the depth (the rate of cavern
convergence doubles every 100 meters)


 Equally important are the shape of excavations and the type of salt.
The variability in salt properties occurs both in salt domes
and stratiform deposits


 Calculations have shown that the variation in creep rate does not
influence the convergence rate directly, since the variation
in convergence rate is smaller


 We can not unequivocally indicate which factors influece most the
variability in rheological properties of salt. It seems that
the presence of fluid inclusions is essential for fast creep of salt
and creep at low stress values, however, the primary features of
halite and intensity of its recrystallization are also important









