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3 strain rate T quantity 3 strain rate T quantity 3 strain rate T quantity
MPa 1/s °C - MPa 1/s °C - MPa 1/s °C -
0.2 10-5 27 2 0,2 10-5 60 2 0.2 10-5 100 1
0.5 10-5 27 2 0,5 10-5 60 2 0,5 10-5 100 1
1 10-5 27 1 1 10-5 60 3 1 10-5 100
2 10-5 27 1 2 10-5 60 4 2 10-5 100 2
3 10-5 27 1 3 10-5 60 3 3 10-5 100 2
5 10-5 27 1 5 10-5 60 3 5 10-5 100 2
7 10-5 27 1 10 10-5 60 1 10 10-5 100 1
10 10-5 27 1 20 10-5 60 1 20 10-5 100 1


3 strain rate T quantity 3 strain rate T quantity
MPa 1/s °C - MPa 1/s °C -
0.2 10-6 27 0.2 10-4 27 1
0.5 10-6 27 2
1 10-6 27 2 1 10-4 27 1
2 10-6 27 2 2 10-4 27 1
3 10-6 27 2
5 10-6 27 2 5 10-4 27 1
10 10-6 27 1 20 10-4 27 1
20 10-6 27 1


Overview about the test program performed on argillaceous salt from WIPP site /1


Short-term strength tests with argillaceous salt from WIPP site


Material cored 2013
Stored Material from previous coring
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Overview about the test program performed on argillaceous salt from WIPP site /2


load 1 3 eq T duration
level MPa MPa MPa °C d


1 30 20 10 24 50
2 28 20 8 24 58
1 32 20 12 24 50
2 30 20 10 24 58
1 24 20 4 60 50
2 22 20 2 60 58
1 26 20 6 60 52
2 24 20 4 60 56
1 28 20 8 60 52
2 26 20 6 60 56
1 30 20 10 60 53
2 28 20 8 60 56
1 32 20 12 60 54
2 30 20 10 60 55
1 34 20 14 60 54
2 32 20 12 60 55
1 36 20 16 60 50
2 34 20 14 60 69
1 38 20 18 60 52
2 36 20 16 60 68
1 30 20 10 80 50
2 28 20 8 80 58
1 32 20 12 80 50
2 30 20 10 80 58


Long-term creep tests with argillaceous salt from WIPP site


Tests performed by TU ClausthalTests performed by IfG Leipzig


load 1 3 eq T duration
level MPa MPa MPa °C d


1 30 20 10 27 60
2 28 20 8 27 185
1 34 20 14 27 60
2 30 20 10 27 185
1 36 20 16 27 60
2 34 20 14 27 185
1 30 20 10 27 60
2 32 20 12 27 60


3 (*) 18 1 17 27 30
4 (*) 21 1 20 27 15
1 30 20 10 27 60
2 32 20 12 27 60


3 (*) 20 2 18 27 30
4 (*) 24 2 22 27 15
1 30 20 10 27 60
2 32 20 12 27 59


3 (*) 18 1 17 27 30
4 (*) 21 1 20 27 19
1 30 20 10 27 60
2 32 20 12 27 59


3 (*) 18 1 17 27 28
  (*)  :  with dilatancy
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Boundary conditions influencing the test results /1


Determination of failure strength – depending on minimum principal stress 


Strength tests 
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Determination of failure strength – depending on strain rate 


Strength tests 


Boundary conditions influencing the test results /2


 


0


10


20


30


40


50


60


0 5 10 15 20 25 30


Axialverzerrung (%)


S
pa


nn
un


g 
(M


P
a)


sig3 sig1 - 0,25%/min sig1 - 0,025%/min sig1 - 0,0025%/min sig1 - 0,0005%/min


1 = 0,25%/min    


1 = 0,025%/min  


1 = 0,0025%/min


1 = 0,0005%/min0


10


20


30


40


50


60


0 5 10 15 20 25 30


Axialverzerrung (%)


S
pa


nn
un


g 
(M


P
a)


sig3 sig1 - 0,25%/min sig1 - 0,025%/min sig1 - 0,0025%/min sig1 - 0,0005%/min


1 = 0,25%/min    


1 = 0,025%/min  


1 = 0,0025%/min


1 = 0,0005%/min


axial strain (%)


ax
ia


l s
tre


ss
 (M


P
a)







9
Kai Herchen Mechanical Behavior of Salt VIII  May 26-28, 2015  Rapid City, SD, USA


Determination of failure strength and creep rate – depending on temperature


20,0


Strength tests 


Creep test 


Boundary conditions influencing test results /3
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Determination of creep rate – depending on stress state and testing time
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Damage free creep


Damage induced creep


Schematic diagram of 
failure strength A, dila-
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healing boundary C of 
rock salt (increase:, 
decrease:, constant: )


time (d)


ax
ia


l s
tra


in
 (%


)


ax
ia


l s
tra


in
 (%


)


Creep tests 


Boundary conditions influencing the test results /4







11
Kai Herchen Mechanical Behavior of Salt VIII  May 26-28, 2015  Rapid City, SD, USA


Contents


 Test program with argillaceous salt from WIPP site
 Boundary conditions influencing test results
 Test technique and test equipment
 Results of triaxial strength tests
 Comparison of triaxial strength tests
 Results of triaxial creep tests
 Comparison of triaxial creep tests
 Conclusions







12
Kai Herchen Mechanical Behavior of Salt VIII  May 26-28, 2015  Rapid City, SD, USA


TUC lab methods to determine dilatancy


Dilatancy determination
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TUC test equipment 


Some test cells in the laboratory
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test temperature: 27°Cstrain rate: 10-5 s-1


Triaxial strength test results (z =10-5 s-1, T=27°C).
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Triaxial strength test results (z =10-4 s-1, T=27°C).
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Triaxial strength test results


Failure strength versus confining pressure at different temperatures
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Triaxial strength test results


Dilatancy and failure strength versus confining pressure at different temperatures
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Triaxial strength test results


Failure strength versus confining pressure at different strain rates
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Comparison of failure strength determined on argillaceous salt and clean salt from WIPP site as


Comparison of triaxial strength test results
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Creep deformation versus time (WIPP argillaceous salt)


Triaxial creep test results (2-load level tests performed by IfG)
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Creep rate depending on temperature and differential stress (WIPP argillaceous salt)


Triaxial creep test results (2-load level tests performed by IfG)
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Comparison of creep test results
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Comparison of damage free stationary creep rate of argillaceous salt and clean salt from
Asse mine


Comparison of creep test results
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- The failure strength of argillaceous and clean salt from WIPP site is increasing with 
increasing confining pressure and strain rate


- The failure strength of argillaceous and clean salt from WIPP site is decreasing with 
increasing temperature 


- The dilatancy strength of argillaceous and clean salt from WIPP site is increasing with 
increasing confining pressure


- The dilatancy strength does not clearly depend on temperature
- The failure strength of argillaceous and clean salt from WIPP site is nearly equal and less 


than that of clean salt from Asse mine


- The creep rate of argillaceous and clean salt from WIPP site increase by higher 
temperature


- The creep rate of argillaceous and clean salt from WIPP site increase by higher differential 
stresses


- No significant difference of creep rate is observed between argillaceous and clean salt 
from WIPP site 


- Damage free stationary creep rate of argillaceous and clean salt from WIPP site is about 
one magnitude higher than that of clean salt from Asse mine


Conclusions
Short-term strength tests


The test results are useful for each partner to determine constitutive model parameters


Long-term creep tests
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Permeability of layered rock salt at different 
stresses and geometries
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Rationale


 Salt rocks: underground storage of valuable fluids, fuels and 
feedstock such as natural gas and crude oil.


 Storage is often in deep, solution mined caverns, with 
wellbore access:
• easy solution mining
• efficient operation
• potentially good sealing capacity 


 What is important to know?


Permeability of the salt rocks!!


Nawaz UU







Aims


 To determine the interface permeability of selected
samples of layered salt rock in response to differential 
stress


 To test the effect of different interface geometries: 
vertical, horizontal and oblique to the shortening 
direction.


Nawaz UU







Samples


China


Hubei province


Nawaz UU







Samples
 Alternating layers of halite and glauberite (as major mineral 


layers), with anhydrite and fine mudstone in matrix of 
glauberitic layers.


 Strain incompatibilities expected due to different mechanical 
properties of halite and glauberite, resulting in shear damage, 
creating new permeable channels along the interfaces.


 Orientation to deformation:
NP6: vertical interface (0° to axis)


NP7: horizontal interface (90° to axis)


NP8: inclined interface (30° to axis)


Nawaz UU







Apparatus and conditions


• Room temperature 


• “Heard” triaxial deformation apparatus                                  


• Cylindrical samples, 50 mm diameter , Butyl-rubber jacketed 


• 10 MPa confining pressure (as in-situ depth)


• Differential stress (steps): 0-10-20-30-0 MPa


• Strain rate ~ 10-5 s-1


• Transient step gas-permeameter using dry Argon


• Gas pressure 1.9 MPa (0.2 MPa steps)


Nawaz UU







RESULTS
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Elastic vs. plastic strain incompatibility


• Halite halves more plastically deformed
• Glauberite halves less plastic


Nawaz UU







RESULTS
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Elastic response against confining pressure
(zero axial load conditions)


Nawaz UU







•Microstructures at interface
(Resin impregnation!)


15 mm


B C


Resin7.5 mm


A


Nawaz UU







Partly intersected, resin filled, drilled 
hole.


15 mm Resin 
7.5 mm


C


BA


Nawaz UU


•Microstructures at interface
(Resin impregnation!)







15 mm


7.5 mm


A B


Resin


C


Nawaz UU


•Microstructures at interface
(Resin impregnation!)







Microstructures at interface
(local dilatancy)!


10 mm
Nawaz UU







Comparison of absolute permeability
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Relative permeability vs. axial strain
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Conclusions:
Instantaneous, reversible, response of permeability to hydrostatic 


confinement suggests elastic closure/opening of cracks and planar 
pathways


As a response to stress: overall bulk compaction and permeability 
reduction, localized dilatancy and increase in permeability at 
interfaces


Resin impregnation essential to reveal local dilation at interfaces


High initial permeability of some samples (NP8) suggests starting 
material that was already damaged. Future work should 
endeavour to test less damaged material.


response of permeability to hydrostatic 
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•𝜅 = −
𝑄𝜇𝐿


𝐴𝛥𝑃
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Objective


 Geomechanical charakterization of the  
WIPP-rock salt :


 “clean salt” or “Halite”


 “argillaceous salt”


 Temperature effect


 Strength testing
 Creep tests Room B – Overtest for 


Simulated Defense High-
Level Waste 


Room D – Mining 
Development Test


 Benchmark calculations of Room B and Room D


 An extensiv data base for WIPP-salt exists from
investigations in the 80 – 90‘s.


 But due to the development of existing and new
material laws customized test series facilitating
derivation of all specific material parameters are
missing.
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Lithology: „clean salt“ – „Argillaceous salt“ 


Sample
Compound (Weight Percent)


Porosity 
(percent)Halite Polyhalite Kaolinite 


Clay Illite Clay Anhydrite Quartz Magnesite


TC49 92,24 5,73 2,02 - - - - 0,93
TC50 96,98 3,01 - - - - - 0,37
TC51 95,57 4,42 - - - - - 0,62
TC52 92,04 5,22 2,15 - 0,56 - - 1,44


TC53 99,34 - - - 0,65 - - 1,15
TC54 93,37 - - 2,89 0,57 0,17 2,98 2,93
TC55 92,80 - - 3,68 0,52 - 2,98 3,22
TC56 96,32 - - - 1,24 0,30 2,12 2,20


Clean salt


After Pfeifle & Hurtado, 1998


Clean salt


Argillaceous
salt
Argillaceous
salt


Clean salt


3
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Investigation program


T Eps-rate s3 (MPa) S CS - IfG S AS - TUC
25°C 10-5 1/s 0,2 0,5 1,0 2,0 3,0 5,0 20,0 7 14
60°C 10-5 1/s 0,2 0,5 1,0 2,0 3,0 5,0 20,0 7 14


100°C 10-5 1/s 0,2 0,5 1,0 2,0 3,0 5,0 20,0 7 14
25°C 10-6 1/s 0,2 0,5 1,0 2,0 3,0 5,0 20,0 7 14
25°C 10-4 1/s 0,2 - 1,0 2,0 - 5,0 20,0 5 5


S Standard tests 33 61
Optional tests


?°C ? 1/s ? ? ? ? ? ? ? 7 8
S all  40 69


s3 strain rate T quantity/lab quantity/lab s3 strain rate T quantity/lab quantity/lab
MPa 1/s °C pure salt -IfG clay salt -TUC MPa 1/s °C pure salt -IfG clay salt -TUC
0,2 1,00E-05 27 1 2 0,2 1,00E-05 60 1 2
0,5 1,00E-05 27 1 2 0,5 1,00E-05 60 1 2
1 1,00E-05 27 1 2 1 1,00E-05 60 1 2
2 1,00E-05 27 1 2 2 1,00E-05 60 1 2
3 1,00E-05 27 1 2 3 1,00E-05 60 1 2
5 1,00E-05 27 1 2 5 1,00E-05 60 1 2


20 1,00E-05 27 1 2 20 1,00E-05 60 1 2
S = 7 S = 14 S = 7 S = 14


s3 strain rate T quantity/lab quantity/lab s3 strain rate T quantity/lab quantity/lab
MPa 1/s °C pure salt -IfG clay salt -TUC MPa 1/s °C pure salt -IfG clay salt -TUC
0,2 1,00E-05 100 1 2 0,2 1,00E-06 27 1 2
0,5 1,00E-05 100 1 2 0,5 1,00E-06 27 1 2
1 1,00E-05 100 1 2 1 1,00E-06 27 1 2
2 1,00E-05 100 1 2 2 1,00E-06 27 1 2
3 1,00E-05 100 1 2 3 1,00E-06 27 1 2
5 1,00E-05 100 1 2 5 1,00E-06 27 1 2


20 1,00E-05 100 1 2 20 1,00E-06 27 1 2
S = 7 S = 14 S = 7 S = 14


s3 strain rate T quantity/lab quantity/lab s3 strain rate T quantity/lab quantity/lab
MPa 1/s °C pure salt -IfG clay salt -TUC MPa 1/s °C pure salt -IfG clay salt -TUC
0,2 1,00E-04 27 1 1 ? ? ? 1 2


? ? ? 1 2
1 1,00E-04 27 1 1 ? ? ? 1 2
2 1,00E-04 27 1 1 ? ? ? 1 2


? ? ? 1 2
5 1,00E-04 27 1 1 ? ? ? 1 2


20 1,00E-04 27 1 1 ? ? ? 1 2
S = 5 S = 5 S =7 S = 8


s3 seq T load level duration loading / above/below quantity quantity lab
MPa MPa °C - d unloading dilation strength pure salt clay salt -
20 >10 27 2 60/60 L/U b/b 2 3 IfG
20 >10 60 2 60/60 L/U b/b 5 5 IfG
20 >10 80 2 60/60 L/U b/b 1 2 IfG
20 <10 60 1 120 L b 2 2 IfG
20 27/60/80 3 60/60/60 L/L/L b 1 2 TUC
5 >35 27 1 L a 1 0 TUC


different different 27 4 60/60/30/30 L/L/L/L b/b/a/a 2 3 TUC
? ? ? ? ? ? ? 3 3 IfG / TUC


S = 17 S = 20


Strength testing


Creep testing


L/U Load/Unloading
L/L/L Multi-step testing
L Single step


• 109 strength tests
 ca. 150 test days (30 weeks)


• 37   creep tests
 ca. 5000 test days


 Close cooperation between
TUC and IfG
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Petro-physical characterization


VELOCITY-POROSITY 
RELATIONSHIP


after Wyllie et al., 1956


Pore space: 
air


Matrix: 
halite (2,16 g/cm3) +
Anhydrite (2,96 g/cm3)


vp- air (km/s) = 0,33


vp- anydrite (km/s) = 6,05


vp- halite (km/s) = 4,52
 Very pure salt, both clean salt and Asse-salt:


• rWIPP-CS ≤  rAsse-Salz


• The amount of impurities is very low
• Initial porosity is low, i.e. undisturbed salt Excellent material!
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Humidity (after flue-curing 24 h 105°C)
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triaxial strength testing


s1 > s3


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


Strain-rate-controlled
deviatoric
Deformation
in a triaxial
Kármán-cell


s1


s3


eAx


DVoil


e = 1 ∙ 10-5 1/s
s3 = 1 MPa
T = 25°C


.







Institut für Gebirgsmechanik
GmbH Leipzig


MECHANICAL BEHAVIOR of SALT VIII  
May  26 -28, 2015 – Rapid  City, SD   USA – at the South Dakota School of Mines & Technology


triaxial strength tests (1∙10-5s-1, 25°C) 


8
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triaxial strength tests (1∙10-5s-1, 25°C) 


0.2 MPa 0.5 MPa 1.0 MPa 2.0 MPa 3.0  MPa 5.0 MPa 20.0 MPa


brittle  semi-brittle  ductile
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triaxial strength tests (1∙10-5s-1, 25°C) comparison Asse 


10


clean salt - large cores (IfG)
clean salt - small cores (TUC)
argillaceous salt - small cores (TUC)
Asse-Salz   - (Joint Project III)


3
3


DMAX
Dmax,Diff s


ss


ss
s=s





sD sMAX s


28 65 2,5


25 60,3 3


7 40 7


 Strength: slightly lower than for
Asse salt


 Argillaceous salt AS higher
scattering but comparable to CS


 Dilatancyboundary similar
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Strength: Strain rate and Temperature effects


11


With these experiments, a comprehensive data 
fundus for the clean salt has been created which 
allows an extrapolation to the expected underground 
conditions
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Multi-stage – Creep testing: T = 25°C


New  IfG creep test rig


 Hydraulic stress  control
 No electrical power supply
 Long term stability due to pressure


accumulators
 More flexibility during stress 


changes


y = 2.04E-05x + 2.15E-03


y = 1.65E-06x + 3.18E-03
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Improved creep test procedures


13


sdiff = 16 MPa  14 MPa


IfG  approach


1. Raise temperature to e.g. 
333 K (60°C) to speed up 
process and to involve 
recovery processes.


2. Use series of two-step tests 
with unloading, e.g.


(I.) sdiff = 16 MPa  14 MPa, 
(II.) sdiff = 18 MPa  16 MPa 


 transient and inverse 
transient creep at 16 MPa


 upper and lower bound on 
steady-state creep rate


3. Temperature stepping tests 
for the activation energy


sdiff = 18 MPa  16 MPa 


stationary rate
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TCC  WIPP “clean salt”, T = 60°C  
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TCC  WIPP- clean salt: T = 24, 60 and 80°C, Ds = 12-10-8 MPa
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Creep behaviour of clean salt at 25°C, 60°C, 80°C


IfG-Creep data sets (CS)
Creep 


test s1 s3 Ds Duration T creep 
rate


no. (MPa) (MPa) (MPa) (d) (°C) (1/d)


Experimental data
1 TCC1 30 20 10 50 24 2,04E-05


28 20 8 50 24 1,81E-06
1a TCC3 30 20 10 50 24 1,43E-05


28 20 8 50 24 3,39E-06
2 TCC5 32 20 12 50 24 2,16E-05


30 20 10 50 24 3,12E-06
3 TCC15 24 20 4 50 60 3,68E-06


22 20 2 50 60 2,43E-07
4 TCC13 26 20 6 50 60 1,37E-05


24 20 4 50 60 1,26E-06
5 TCC6 28 20 8 50 60 1,94E-05


26 20 6 50 60 3,31E-06
6 TCC2 30 20 10 50 60 4,05E-05


28 20 8 50 60 6,80E-06
6a TCC4 30 20 10 50 60 1,67E-04


28 20 8 50 60 5,63E-05
7 TCC7 32 20 12 50 60 7,42E-05


30 20 10 50 60 1,70E-05
8 TCC9 34 20 14 50 60 1,86E-04


32 20 12 50 60 4,92E-05
9 TCC11 36 20 16 50 60 3,29E-04


34 20 14 50 60 6,85E-05
10 TCC12 38 20 18 50 60 7,50E-04


36 20 16 50 60 3,62E-04
11 TCC16 30 20 10 50 80 2,41E-04


28 20 8 50 80 7,74E-05
12 TCC19 32 20 12 50 80 3,76E-04


30 20 10 50 80 1,09E-04
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• Consistent data sets, but differences to earlier
measurements (SAND92-7291) are obvious


• Mechanism change depending on stress state
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Summary – Conclusions


• The “clean salt” is of excellent quality, i.e. undisturbed (intact) and largely 
homogeneous.


• The moisture contents of the "clean salt" are of the order of 0.15 weight -%, 
respectively, for the "argillaceous salt" 0.4 weight -%. They are therefore 
generally higher than for domal rock salt. 


• The laboratory program for “clean salt” consist of 33 strength tests with test 
series for various confining pressures at room temperature, 60°C and 100°C 
and, in addition, for three different deformation rates: of 𝜀̇ = 10-4 1/s, 10-5 1/s 
(standard rate) and 10-6 1/s. The used equipment allowed the simultaneous 
measurement of the rock dilatancy during testing. Very consistent sets of data 
and parameters could be obtained. 


• Unique creep data sets of high quality were obtained on “clean salt” for room 
temperature, 60°C and 80°C using the “new” creep test approach. However, 
differences to older data sets are obvious (Mellegard & Pfeifle, 1993), especially 
at higher temperature. 


With these investigations, a comprehensive data fundus for the WIPP salt has been 
set which allows an extrapolation to the expected underground conditions and to 
carry out the planned benchmark calculations for room D and B. The results 
obtained on “argillaceous salt” will presented in the next lecture by TUC. 
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many thanks
for your attention! 









