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Temperature
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Elastic Behavior


E
σ


ηp ηt ηn


Fp


F s


F t Fn,F z


ηs


K =
qel · K0


1 +
(
εv,d
εv,d,b


) 1
pel


G =
qel · G0


1 +
(
εv,d
εv,d,b


) 1
pel


0


0


Time


A
xi


al
S


tr
ai


n,
V


ol
um


e
S


tr
ai


n


εel + εs + εp + εt


εel + εs + εp


εel + εs


εel


εv,d


May 27, 2015 Andreas Gährken Page 4
A thermal-mechanical constitutive model to describe deformation, damage and healing of rock salt







Secondary Creep


E
σ


ηp ηt ηn


Fp


F s


F t Fn,F z


ηs


{ε̇s} =
F s


ηs ·
∂σeq


∂{σ}
· qs


F s = p0 ·
(
σeq


p0


)(ns·qs
∗)


ns = 5 +
1 − 5


1 +


(
σeq
σs


eq,0


)ps


0


0


Time


A
xi


al
S


tr
ai


n,
V


ol
um


e
S


tr
ai


n


εel + εs + εp + εt


εel + εs + εp


εel + εs


εel


εv,d


May 27, 2015 Andreas Gährken Page 5
A thermal-mechanical constitutive model to describe deformation, damage and healing of rock salt







Primary and Recovery Creep


E
σ


ηp ηt ηn


Fp


F s


F t Fn,F z


ηs


Fp > 0 : {ε̇p} =
Fp


η
p
∗
·
∂σeq


∂{σ}


Fp = p0 ·
(
σeq


p0


)np


·
(
ε


p
eq,max − εp


eq
)


ηp
∗ = η0 + (ηp − η0) ·


(
ε


p
eq


ε
p
eq,max


)(1+np)


ε
p
eq,max =


(σeq


Ep · qp
)np


0


0


Time


A
xi


al
S


tr
ai


n,
V


ol
um


e
S


tr
ai


n


εel + εs + εp + εt


εel + εs + εp


εel + εs


εel


εv,d


May 27, 2015 Andreas Gährken Page 6
A thermal-mechanical constitutive model to describe deformation, damage and healing of rock salt







Primary and Recovery Creep


E
σ


ηp ηt ηn


Fp


F s


F t Fn,F z


ηs


Fp > 0 : {ε̇p} =
Fp


η
p
∗
·
∂σeq


∂{σ}


Fp = p0 ·
(
σeq


p0


)np


·
(
ε


p
eq,max − εp


eq
)


ηp
∗ = η0 + (ηp − η0) ·


(
ε


p
eq


ε
p
eq,max


)(1+np)


ε
p
eq,max =


(σeq


Ep · qp
)np


Fp < 0 : {ε̇p} =
Fp


η
p
rec


·
∂σeq


∂{σ}


η
p
rec = −


Fp · ηs


F s · qs


May 27, 2015 Andreas Gährken Page 7
A thermal-mechanical constitutive model to describe deformation, damage and healing of rock salt







Tertiary Creep
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Tension Failure
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Creep Tests
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Strength Tests
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Conclusions


The constitutive model TUBSsalt is able to represent the behavior of rock salt, including:


primary, secondary and tertiary creep
dilatancy, shear and tension failure, post failure
healing
temperature dependency


Different types of laboratory tests and in situ problems can be calculated using only one
unique set of parameters for every type of salt.
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Case Study Overview


• Long-term drift located in a potash mine has been 


susceptible to 


 Unacceptable closure rates


 Fracture propagation through the saltback


 Damage to current ground support systems


• Drift is vital to local infrastructure


 Continued maintenance is both difficult and disruptive to 


operations


• Study Objectives


 Validate & calibrate a numerical model


 Identify the cause of the ground-control issues


 Assess the long-term stability of the drift 


 Evaluate possible remediation actions







Problem Area


• Mine is located in an evaporite setting


• Drift is nearly 15 years old


• Overall length is approximately 800 m
 300 m is the focus of this study


• Drift height increases from 2.25 m to 4.5 m


• Infrastructure increases the temperature well above 
ambient temperature of 27°C







Contributing Factors


• The stability of a drift is sensitive to many interrelated 


factors including


 Local stratigraphy


 Geometrical factors associated with the drift


 Material properties


• The response of the drift is driven by the creep rate of the 
salt rock, which is highly dependent upon


 Temperature 


 Stress dependent


 Mineral dependent


• Beyond “rules of thumb” there is a need to quantify the 


impact mineralogy has on the strain rate







Geotechnical Investigation


• Site Investigation


 Define the local stratigraphy 


 Define the mineralogy along drift


 Identify controlling discontinuities


• Borehole scope – fracture mapping


• Field Measurements


 Back-to-floor & rib-to-rib convergence


 Back extensometers


 Temperature 







Mineralogy in Ore Zone along Drift
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Compilation of Historical Data Set


• The compiled data set included a total of 45 


creep tests to evaluate steady-state strain rates


• Specimen compositions varied


 From nearly pure halite 


 To sylvite compositions greater than 50 percent


 With carnallite compositions from 0 to 13 percent


• Test conditions varied


 Temperatures ranged from 26.0°C to 35.0°C


 Stress difference ranged from 5 MPa to 32 MPa
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1 5 26.0 67.6 32.4 0.0 


2 4 27.5 48.0 50.9 0.2 


3 4 27.5 53.7 45.4 0.9 


4 8 26.0 46.0 45.0 9.0 


5 3 35.0 44.0 46.0 10.0 


6 8 26.0 85.1 5.9 4.8 


7 3 27.5 91.4 0.2 8.4 


8 10 26.0 87.1 0.0 12.9 


Sub-datasets


• Steady-state strain 


rate increases with


 Increasing stress 


difference


 Stress dependency  
(slope) fairly consistent 


between datasets
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Sub-datasets


• Steady-state strain 


rate increases with


 Increasing sylvite and 


carnallite content


 Comparison of sub-
datasets 1-5 to sub-


datasets 6-8
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Illustration of Mineralogy Dependency


• Steady-state strain 


rate increases


 Mineral dependence 


exhibited in reported 


rates between sub-


datasets 4 & 8


 At 19 MPa nearly a 


factor of 22







Determination of Parameter Values


• Steady-state strain rates weighted according to the 


mass fraction of mineralogy [Mellegard et al. 2012]:


 Where subscripts h, s, and c represent halite, sylvite, and 


carnallite


• During fitting process parameter values were 


determined for


 Pure halite (NaCl)


 Pure sylvite (KCl)


 Pure carnallite (KMgCl36H2O)
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Model Prediction for Sub-dataset 1


• Good agreement


• Underpredicts the test at 


18 Mpa


• Authors stated concern 
that test may have been 


terminated early
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Model Prediction for Sub-dataset 2


• Overpredicts sub-dataset 2


• Based on test conditions & 


specimen composition 


would have expected 


greater steady-state strain 
rates than sub-dataset 1







• Fairly accurate


• Significantly underpredicts


test at 7 MPa


• Composition  based on 
general mineralogy for unit


• Possible variation in 


individual specimen 1.E-10
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Model Prediction for Sub-dataset 3
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Model Prediction for Sub-dataset 4


• Very good agreement


• First sub-dataset with 


appreciable carnallite
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Model Prediction for Sub-dataset 5


• Good agreement


• Significantly underpredicts


test at 10 MPa


• Elevated temperature
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Model Prediction for Sub-dataset 6


• Good agreement
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Model Prediction for Sub-dataset 7


• Significantly overpredicts


sub-dataset


• Based on test conditions & 


specimen composition 


would have expected 
greater steady-state strain 


rates than sub-dataset 6
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Model Prediction for Sub-dataset 8


• Significantly overpredicts


sub-dataset


• Composition assumed all 


magnesium was attributed 


to carnallite


• Dolomite is known to be 


present in saltback







Model Validation


• The field measurement data provided to 


validate the mineral dependent creep law:


 Mineral composition from the ore zone and salt 


back


 The height of the drift varied which alters the stress 


conditions in the rib


 Infrastructure located within the drift resulted in a 


significant temperature gradient along the drift


 Measured back-to-floor and rib-to-rib convergence 


data


 Extensometer data to distinguish between creep 


closure and the expansion rate from accumulated 
separations
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Convergence


• Convergence rates 


predicted at 13 years


• Predicted similar trends


• Model predicts slightly 


greater magnitudes


• Greatest difference occurs 


near drift brow
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Convergence


• Convergence rates 


predicted at 13 years


• Predicted similar trends


• Very little difference 


between measured and 
predicted rates.
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• Extension rates predicted at 


13 years.


• Similar responses for the 12 ft


and 25 ft extensometers.


• Model accurately predicted 


the expansion of saltback


discontinuities.







Conclusions


• Based on the available historical dataset, the 


strain relationship proposed by Mellegard et al. 


(2012) appears to fit the reported data.


• The results validate the model’s ability to predict 


strain rates of different mineral compositions 


across a range of stresses and temperatures.


• This study reiterates the importance of any 


geotechnical study to be based on quantitative 


data
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Study of Salt Viscous and Fatigue Behaviors


WIPP Nuclear Waste Disposal Site [DOE] Proposed Natural Gas Storage Site [Atkins]


Applications:


design of nuclear waste disposals [Tsang et al., 2005];


hydrocarbon storage [Pasten & Santamarina, 2011];


compressed air energy storage [Succar & Williams, 2008];


hydrogen storage [Ozarslan, 2012].
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Salt Rock Mechanics


glide


climb/cross-slip


diffusion


dynamic recrystallization


Creep and cyclic loadings
Influence on fatigue (stress magnitude, duration, loading
frequency, number of cycles)


Influence on stiffness & deformation
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Research Objectives


Goal: explain the micro-mechanical viscoplasticity and damage mechanisms
that originate tertiary creep and control macroscopic fatigue in salt rock.


1 Degradation of rock stiffness


2 Axial and lateral deformation


3 Evolution of microscopic stresses


Macroscale
[Taken by Tobias Schwarz, Reuters]


Mesoscale
[Taken @ Dr. Santamarina’s Lab]


Microscale
[www.ged.rwth-aachen.de]
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Microscopic Model of Viscoplasticity


FCC Crystal of NaCl


l th sliding system of the mono-crystal:


al
ij =


nimj + njmi


2


n is the vector normal to the sliding plane
m is the unit sliding vector


Mono-crystal viscoplastic deformation:


ε̇vp
ij =


L∑
l=1


γ̇ lal
ij , τ


l = σ : al , γ̇ l = γ0 hl
∣∣∣∣ τ l


τ0


∣∣∣∣n
L = 6 (2 independent mechanisms)


[www.doitpoms.ac.uk ]
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REV Considered


REV= geometric domain containing a representative number N of crystal orientations
Modeling assumptions: uniform distribution of orientations (ψ, θ, φ); N = 200


f (x) = 〈f (x)〉 =


∫
Ω


pω(ω)f (x, ω)dω =
1
N


N∑
k=1


f (x,Ωk )


∀k = 1, 2, ...,N, pω (Ωk ) =
1
N
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Self-consistent Homogenization


REV = 200 representative crystal
orientations


Inclusion = 1 particular orientation


Matrix = the other 199 orientations
remaining


Assumption: geometric incompatibilities
between inclusions and the matrix are
ignored


Matrix-inclusion model


⇒ macroscopic viscoplasticity results from crystal viscoplastic behavior only
⇒ Viscoplastic inclusions and matrix; elastic inclusion-matrix interactions


Viscoelastic self-consistent model of Weng [1982]:


σ̇ = σ̇ + 2µ(1− β)(ε̇vp − ε̇vp), β =
2(4− 5ν)
15(1− ν)
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Computational Method


Grain breakage (if σmax
n ≥ 2 MPa)


σ = σ̇ = ε̇vp = 0, ε̇el 6= 0


Grain viscoplastic deformation


ε̇
vp
ij =


L∑
l=1


γ̇ l al
ij


Damage and Viscous PhasesFor each time step:


1 Damage phase (D =
Nb
N = 1− Ng


N )


σ(tn)→


 < 2MPa : grain is non-broken
≥ 2MPa : grain is breaking


broken grains remain broken


→ Ng (tn)
Nb(tn)


→ µ̃(tn)
σ(tn)
−−−→ δε(tn)→ δε(tn)→ δσ(tn)→ σ(t+


n )


2 Viscous phase


σ̇(t+
n )


µ̃(t+
n ) = µ̃(tn)


→
{


ε̇
vp


(t+
n )


γ̇ l (t+
n )→ ε̇vp(t+


n )


}
→ σ̇(t+


n )
σ(t+


n )
−−−−→ σ(tn+1)
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Model Calibration against Creep Tests


γ̇ l = γ0 hl
∣∣∣∣ τ l


τ0


∣∣∣∣n Creep Test γ0 (day−1) n (-)
Short Term (7 hours) 5.17× 10−4 3.58
Long Term (30 days) 2.93× 10−5 4.04
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ṗ
(t
)(
d
a
y
−
1 )


 


 


Experiment (short term creep)


Approximation (short term creep)


Experiment (long term creep)


Approximation (long term creep)


Model parameters calibrated against laboratory creep tests
reported in Fuenkajorn & Phueakphum [2010]
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Microscopic Principal Stresses


Graphical representation of microscopic principal stresses for each
grain:


sign
amplitude
the angle between principal micro-stress and compression axis
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Simulation of Creep Tests
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Time evolution of viscoplastic strain Short-term creep test
[Fuenkajorn & Phueakphum, 2010]
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Simulation of Salt Fatigue under Cyclic Loading
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[Ma et al., 2013]
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Finite Element Method Model


matrix


ṗ(t) =
M


3µ(1− β)


qn(t)
(τ0)n


M = 3µ(1− β)〈
L∑


l=1


γ0


∣∣∣r : al
∣∣∣n+1
〉


grain
τ l = σ : al , γ̇ l = γ0 hl


∣∣∣∣ τ l


τ0


∣∣∣∣n
ε̇vp


ij =
L∑


l=1


γ̇ lal
ij


Two active slip systems in x-y plane


The inclusion-matrix assembly is under
creep load.


The sphere represents one grain.


Two slip systems are active.


Finite element model in POROFIS
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Vertical Stress and Displacement


Vertical stress distribution (Syy , in MPa) Vertical displacement (Uy , in m)
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space average of strain in POROFIS
macroscopic strain in MATLAB


Comparison of strain evolution


Compare simulation results based on
implementation in POROFIS with those
from the homogenization method
implemented in MATLAB


microscopic stress of the inclusion grain


macroscopic strain of the inclusion-matrix
assembly
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Summary and Prospective Research


1 Summary


Establish mathematical relationships between viscoplastic strain and stress
at both microscopic and macroscopic scale.
Capture strain hardening, creep recovery, as well as damage and
accelerated creep due to grain breakage.
Observe that incremental viscoplastic strains decreased over the cycles,
which matches with the "shakedown" phenomenon in elasto-plastic media.


2 Future Research


Extend the mathematical modeling framework to include geometric
incompatibilities between grains and inclusion-matrix interactions.
Improve the model to account for progressive grain breakage.
Introduce joint elements at grain interfaces to study inter-granular damage.


[Závada et al., 2012]
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Thanks!


Contact:


chengzhu@gatech.edu
sites.google.com/site/chengzhurock
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