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Description of damage reduction and healing
with the CDM constitutive model

for the thermo-mechanical behavior of rock salt

t ( Dr Andreas Hampel
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Physical basis of the Composite Dilatancy Model (CDM)

Modeling CDM description

transient creep strain-dependent evolution of deformation microstructure (w, r),
dislocation motion within subgrains,
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Modeling of creep with the CDM

1. Modeling of the temperature and stress dependence of transient and steady-state creep
2. Determination of unique salt-type-specific parameter values for transient and steady-state creep
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Physical basis of the Composite Dilatancy Model (CDM)

Modeling above the
dilatancy boundary:

damage & dilatancy

humidity influence

creep failure &
short-term strength

post-failure behavior
residual strength

CDM description

linked to transient & steady-state creep:
creep hardening (e.g. dislocation pile up) => stress concentrations => microcracks

in dilatant salt (open pathways): humidity-dependent increase of creep rate
deformation energy above the dilatancy boundary reaches a limit

increased damage softening and dilatancy after failure in the crack zone
~ dilatancy boundary
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Modeling of damage, dilatancy, creep failure, short-term strength, post-failure behavior
and residual strength with the CDM

1. Modeling of the temperature and confining stress dependences, 2. Determination of unique parameter values
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Modeling damage & dilatancy reduction and healing with the CDM

d (ddam) O-eq d‘E‘vol . c -
damage parameter dg,: at = — 05 |- e~ &0 - dilatancy (volumetric strain)

measured dilatancy results from competition between generation and reduction:

— &

vol,red

gvol — “vol,gen

generation rate of damage and dilatancy ~ creep rate:

Cgen3
dgvol,gen _ E ) . d‘g‘cr,tot with r (O' ¥os ) — Cgenl ) O-eq
rv Geq'o-s v eq 3
dt 2 dt Cgen2 — O3

reduction rate is dependent on the stress state and the current level of dilatancy:

c
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Back-Calculations of Laboratory Healing Tests with Asse-Speisesalz

1. Check the ability of the models to describe damage & dilatancy reduction and healing of rock salt.

2. Determine unique salt-type-specific parameter values
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Simulation of the “Dammjoch” (bulkhead) in a drift at 700 m depth in the Asse Mine
1911: drift excavated, 1914: 25 m long section lined

je—— 50 M —

model section total model

cast-steel tube

100

concrete

rock salt

1
ey !

AT TR ey ! rock salt
S, Remlingen, DUMMY Verlag Gm

drift size: Npax = 2.75 M, W, = 3.80 m Simulation 1:

: 88 a: open drift
cast-steel tube: @, = 2.30 m, wall thickness = 10 cm P

Simulation 2:

3 a: open drift
85 a: drift with bulkhead

residual gap: concrete
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Conclusion
The Composite Dilatancy Model (CDM)

» Is an approved tool for microstructure-based modeling of dominant deformation
phenomena in rock salt:
creep, damage, dilatancy, creep failure, short-term strength,
post-failure behavior, residual strength, influence of humidity
in a wide range of boundary conditions (T, Ac, G5, de/dt)
with a unique salt-type-specific set of parameter values

» is currently implemented in FLAC and FLAC3D (finite difference codes)
and JIFE (BGR finite element code).

Recent extension;

» modeling of the damage & dilatancy reduction and healing of rock salt

. J Mechanical Behavior of Salt VIII, Rapid City, SD, USA, May 26-28, 2015

Description of Damage Reduction and Healing with the CDM Constitutive Model







MECHANICAL BEHAVIOR OF SALT Vil

May 26 — 28,2015 South Dakota School of Mines and Technology
Rapid City, South Dakota

i
T

Salt Structure Information System (InSpEE) as a Supporting | S
Tool for Evaluation of Storage Capacity of Caverns for
Renewable Energies

/73*\\ J

£

Rock Mechanical Design for CAES and H, Storage Caverns

%

it ] Leibriz -

i @ L) Universitat A
teg 4 | Hannover UNDERGROUND

LN 2 TECHNOLOGIES

Supported by:

% Federal Ministry
for Economic Affairs

and Energy

ENERGlESPEICHER on the basis of a decision

Forschungsinitiative der Bundesregierung by the German Bundestag





Different models for CAES storage calculation

Roof depth
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Loading scenarios for CAES storage calculation
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cavern temperature [°C]
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Temperature calculation for loading scenarios for CAES storage
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cavern temperature [°C]
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cavern temperature [°C]
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cavern temperature [°C]

Temperature calculation for loading scenarios for CAES storage
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vertical stress [MPa]

Calculated vertical stresses for loading scenarios for CAES storage
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vertical stress [MPa]

Calculated vertical stresses for loading scenarios for CAES storage
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vertical stress [MPa]

Calculated vertical stresses for loading scenarios for CAES storage

A - small

-20

-15

S

-10

0 1 2 3 4 5 6
operation time [days]






vertical stress [MPa]

Calculated vertical stresses for loading scenarios for CAES storage
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Storage of compressed air

* Pressure range has a significant influence on the
thermodynamical behavior of the compressed air
and therefore

e adifferent influence on the cavern surrounding
stress state.

 Due to the high rates of withdrawal and injection,
the assumption of the cavern volume in these
calculations play a minor role.





Different models for hydrogen storage calculation
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Loading scenario and temperature calculation hydrogen storage
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stresses [MPa]
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* In combination with geometrical aspects these
calculations are the basis to evaluate the storage
potential of renewable energies in salt caverns.

e Every cavern projectis unique and it is necessary to
carry out location specific laboratory tests as well as
thermodynamical and rock mechanical calculations
for future storage projects for renewable energies.

e |tis necessary to assume a suitable loading scenario
for the different demands of operation.
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